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Abstract 
Nitrogen limitation in freshwater lakes is more common than previously understood, 
suggesting that nitrogen fixation rates by cyanobacteria are often insufficient to alleviate 
nitrogen deficiency. Nitrogen fixation rates may be restricted by iron bioavailability in 
pelagic freshwater environments. Continuous culturing techniques allow investigations of 
phytoplankton physiology at steady state, but simultaneous limitation by two or more 
nutrients has rarely been explored in continuous culture experiments. Here we report 
continuous chemostat cultures of Anabaena sp. with various low concentrations of nitrate 
and iron and demonstrate that iron concentrations below ca. 100 nM are limiting to 
growth. Addition of nitrate resulted in decreased biomass-specific nitrogen fixation rates 
and stimulated additional biomass accumulation, confirming that the cultures were iron-
nitrogen colimited. Chemostat cultures of cyanobacteria provide an attractive new 
laboratory model to explore colimitation with great value for measuring the factors 
restricting nitrogen fixation rates and causing apparent nitrogen limitation in freshwater 
pelagic environments.  
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Introduction 
When production by phytoplankton is controlled by the availability of nutrients as 
opposed to other resources (e.g. light) or by removal processes (e.g. herbivory), they are 
said to be nutrient limited. Because the organisms require biochemical components like 
DNA, enzymes, and phospholipids for life and cell division, and these components have 
relatively fixed elemental stoichiometry, the production of a species in a lake can be 
constrained by the availability of a single nutrient that is in short supply relative to the 
others; this is called Liebig’s Law of the Minimum (Sterner and Elser, 2002).  
For the past few decades, the predominant view of the role of nutrient limitation 
in controlling the primary productivity of lake ecosystems was the “phosphorus limitation 
paradigm”. Under the phosphorus limitation paradigm, phosphorus is considered the 
main limiting nutrient when whole lakes are considered over long (multiple year) time 
scales. Though limitation by inorganic carbon (for fixation in photosynthesis) was 
considered, this hypothesis was discarded in favor of general, long-term, large-scale 
community limitation by phosphorus (Schindler 1977). Similarly, since atmospheric 
nitrogen can be fixed by nitrogen-fixing cyanobacteria common to lakes, nitrogen 
limitation was considered unlikely. This hypothesis was corroborated by multi-year 
whole-lake fertilization experiments at the Experimental Lakes Area, Ontario, Canada 
that resulted in massive blooms when phosphorus, nitrogen, and carbon were added, 
compared to the effect of adding nitrogen and carbon alone (Schindler 1977).  
Colimitation is a special case of nutrient limitation when multiple nutrients 
simultaneously play a role in limiting growth (Morris and Lewis 1988). Liebig’s Law of 
the Minimum predicts that only one nutrient can be limiting at a time, and indeed 
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experiments have shown this relationship under some conditions (Saito et al. 2008). 
However, colimitation can arise when certain interactions are taken into account, 
including competition between species with differing nutrient requirements (Titman 
1976), biochemical substitution of replete elements for scarce elements, and situations 
where acquisition of one element is constrained by another (Saito et al. 2008). 
Colimitation is likely a common condition at the species-level (Saito et al. 2008), and 
may affect the community at large (Danger et al. 2008). 
Though nitrogen in the molecular form constitutes 78% of the atmosphere by 
volume, nitrogen limitation of primary production is quite common in terrestrial and 
marine environments (Vitousek and Howarth 1991). In contrast, the pervasion of nitrogen 
limitation in lakes has been a matter of recent debate (Lewis and Wurtsbaugh 2008; 
Schindler and Hecky 2009). One meta-analysis showed the growth response of lake 
ecosystems to nitrogen alone was just as strong as to phosphorus alone (Elser et al. 2007). 
Another large meta-analysis of lakes in Norway, Sweden, and the US showed that 
nitrogen limitation was much more common than phosphorus limitation in lakes that 
experienced low atmospheric nitrogen deposition (Elser et al. 2009). Evidence of 
nitrogen limitation at the Experimental Lakes Area has even been presented (Scott and 
McCarthy 2010).  
Iron limitation of phytoplankton in lakes has been studied in much less detail than 
limitation by the macronutrients. Still, iron limitation has been suggested to explain 
observations in many lakes. Lake Superior was found to be phosphorus-limited but very 
near the cusp of iron limitation (Sterner et al. 2004), and Lake Erie was found to be iron-
nitrogen-phosphorus colimited (North et al. 2007), where iron may limit the uptake and 
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reduction of nitrate (Havens et al. 2012). In Crater Lake (Oregon), a nitrogen limited lake 
conspicuously lacking nitrogen fixers, stimulation of algae by EDTA seems to suggest 
that the lack of organic complexing agents (or siderophores) may create a metal 
limitation scenario (Groeger 2007). Growth was stimulated by addition of iron plus 
phosphorus in at least six oligotrophic lakes in Sweden (Vrede and Tranvik 2006). 
Finally, in Clear Lake (California), a large bloom of the nitrogen-fixing cyanobacterium 
Aphanizominon flos-aquae was strongly stimulated by iron additions, in terms of both 
photosynthesis and nitrogen fixation (Wurtsbaugh and Horne 1983).  
It has become clear that growth supported by molecular nitrogen requires many 
times more iron than growth on combined nitrogen sources, due to the >22 atoms of iron 
in the nitrogenase enzyme, the iron associated with the high energetic cost of nitrogen 
fixation, and the iron superoxide dismutase enzymes that function in protection of 
nitrogenase from oxidation (Kustka et al. 2003). Thus, growth is possible at iron 
concentrations that are insufficient to support nitrogen fixation if another nitrogen source 
is available. Iron limitation of nitrogen fixation is now considered an important process in 
many large regions of the oceans (Berman-Frank et al., 2001; Paerl et al., 1994). 
Production of siderophores, which are hydroxamate or catecholate iron-chelating 
molecules for which the cyanobacteria have a high-affinity uptake system, is perhaps 
further evidence of the importance of iron limitation of cyanobacterial nitrogen fixers 
(Goldman et al. 1983).  
Iron limitation of nitrogen fixation is one of several mechanisms proposed to 
explain persistent, widespread nitrogen limitation of lakes (Lewis et al. 2011). Significant 
attention has recently been given to the potential for increased regulation of nitrogen 
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inputs to aquatic ecosystems for the purpose of mitigating eutrophication (i.e. Son and 
Carlson 2012). If nitrogen fixation is often constrained by nutrient colimitation or other 
factors, then regulation of nitrogen loadings to aquatic ecosystems might be an important 
direction for water quality control. However, in order to make informed decisions about 
nutrient management, we need to understand how lakes come to be nitrogen limited. 
Laboratory models of nutrient limitation 
Previous work on iron limitation of freshwater diazotrophs has generally been 
completed using batch culture experiments. For example, Murphy et al. (1976) illustrated 
a colimitation relationship between iron and nitrogen in Anabaena flos-aquae batch 
cultures, and Kerry et al. (1988) explored the relationships between iron availability, 
nitrogen source, and siderophore production by several species in batch culture. As a 
more recent example, Berman-Frank et al. (2007) demonstrated inhibition of carbon-
specific growth and carbon-specific nitrogen fixation rates of Anabaena flos-aquae 
(UTEX 2557) in freshwater media with iron concentrations of 4-40 nM.  
In batch culture studies, cyanobacteria are cultured in a fixed volume of growth 
media. Biomass accumulates due to growth while the available nutrient supply becomes 
depleted. Frequent transfer of biomass to fresh media maintains semi-steady growth but 
the growth environment of the cyanobacteria is constantly transient and questions often 
remain about whether the observed processes truly occurred simultaneously (Hutchins et 
al. 1991).  
Continuous culture methods avoid this problem by continuous dilution of the 
culture with fresh media. In a chemostat, the media is pumped into the culture at a 
constant rate, and well-mixed culture is constantly removed at the same rate by overflow. 
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Adjustment of the cell density to the concentration of the limiting nutrient ideally leads to 
a steady-state system, where cell density, nutrient concentrations, cell physiological 
parameters (stoichiometry, chlorophyll, etc.), and physiological rates (division rates, 
photosynthetic rates, nutrient acquisition rates, etc.) are all time-invariant. Since the 
dissolved nutrient concentration in the chemostat is constant at steady-state, 
characterizations of the cell physiology can be directly associated with a given nutrient 
concentration.  
Chemostat methods have been used extensively to investigate single-nutrient 
limitation in microorganisms including phytoplankton. For example, the seminal work by 
Droop gave thorough treatment to single nutrient limitation (Droop 1973) and illustrated 
that in the case of phosphate and vitamin B12 in the chrysophyte Monochrysis lutheri, no 
colimitation was achieved and Liebig’s Law of the Minimum applied (Droop 1974).  
A number of investigators have cultured cyanobacteria in chemostats. Bone 
(1971) as well as Turpin and Layzell (1985) cultured nitrogen fixing Anabaena flos-
aquae in phosphate-limited chemostats. Synechococcus (Wilhelm and Trick 2008) and 
Microcystis aeruginosa (Dang et al. 2012) have been cultured in iron-limited chemostats, 
both of which are incapable of fixing nitrogen. Fekete et al. (1983) grew nitrogen-fixing 
Azotobacter vinelandii in iron limited, nitrate free chemostats to measure siderophore 
production. This is a heterotrophic soil bacterium, and sucrose was provided as an energy 
source (Fekete et al. 1983). Finally, Anabaena has been cultured in iron limited 
chemostats, but always with sufficient nitrate or ammonium to support growth so that the 
effect of iron limitation on nitrogen fixation was not considered (Moreno et al. 1998; 
Wirtz et al. 2010).  
 7 
Methods 
Early experiments, including optimization of maximal growth rates and the 
continuous culture experiments numbers 1 and 2, were completed with a strain of 
Anabaena sp. obtained from Ward’s Science (Rochester, NY).  This culture initially 
contained significant numbers of contaminating organisms including protozoan 
planktivores, which were readily observed on microscopic examination. The culture was 
purified by steep serial dilution in nitrate-free growth media, and while not axenic, the 
culture was reliable and showed good growth characteristics. Later work utilized a pure, 
axenic culture of Anabaena sp. UTEX 2573, obtained from the University of Texas 
Culture Collection. This strain is considered identical to Nostoc sp. PCC 7120 and Nostoc 
sp. ATCC 27893, and disagreement remains on the generic placement with both 
Anabaena and Nostoc used interchangeably in the literature (Rippka et al. 1979).  
Cultures were maintained by sequential transfer into fresh modified Fraquil* 
media, with dilution ratios between 1:10 and 1:1000, depending on the density of the old 
culture. Maintenance cultures were grown at 20°C with continuous fluorescent light (410 
µE•m-2•s-1 of PAR irradiance) and loosened caps allowing gas exchange, and were 
shaken around once per day. A combination of visual examination, in-vivo fluorescence 
measurements, and microscopic inspection were used to assess culture health and 
viability. When bacterial infection was suspected, the cultures were discarded and new 
inoculations were made from parallel cultures, older maintenance cultures, or the original 
source material.  
Modified Fraquil* was prepared according to Sunda et al. (2005) with the 
composition listed in Table 1. Vitamins (cyanocobalamin, thiamine, and biotin) were 
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omitted because Anabaena requires none for optimal growth. Stock solutions of the 
major salts (CaCl2, MgSO4, NaHCO3, and K2HPO4) were prepared in 18.2 MΩ water and 
passed through a glass column containing 5 mL (bed volume) of Chelex 100 resin to 
remove iron contamination. Chelex 100 resin was initially treated according to Price et 
al. (1988), and subsequently stored in water between uses, regenerated to the sodium 
form with 1M HCl and 1M NaOH, and reused.  These stock solutions were diluted 
1:1000 in 18.2 MΩ water and the pH of this media was adjusted to 8±0.1 with NaOH 
and/or HCl. The media was microwave tyndalized (Keller et al. 1988) and cooled. Filter 
sterilized trace metal stock solution was added after the tyndalization to avoid changes in 
speciation. Chelex 100-treated and filter-sterilized NaNO3 stock solution was added to 
achieve the appropriate treatment concentration. Iron was complexed 1:1 with EDTA by 
dissolving FeCl3•6H2O in Na4EDTA, filter sterilized, and added to achieve the 
appropriate treatment concentrations (Sunda et al. 2005). All glassware and plasticware 
was soaked in 1M HCl and rinsed extensively in 18.2 MΩ water prior to use in media 
preparation and storage.  
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Table 1: Fraquil* growth medium composition used in culturing experiments. Iron 
was added using a 1 mM stock solution of FeCl3 in 1 mM Na4EDTA to final 
concentrations between 10 nM and 1 µM. Nitrogen was omitted or added from a 100 
mM stock solution to final concentrations between 100 nM and 100 µM. 
Salt Concentration (M) 
CaCl2 • 2 H2O 2.5 E-4 
MgSO4 1.5 E-4 
NaHCO3 5 E-4 
K2HPO4 1 E-5 
Na2EDTA 1.3E-5 
ZnSO4 1.2E-6 
MnCl2 6 E-7 
Na2MoO4 1 E-8 
CuSO4 1.62 E-7 
CoCl2 5 E-8 
Na2SeO3 1 E-8 
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Chemostat cultures, diagramed in Figure 1 and shown in Figure 2, were 
constructed from 250 mL screw-cap polycarbonate centrifuge bottles. Three small holes 
in the screw cap allowed the insertion of 1/16” OD FEP tubing: one for aeration, one for 
fresh media, and one for overflow. The aeration tube was inserted to the bottom of the 
bottle, while the overflow tube was inserted to achieve a working volume of 150 mL. The 
fresh media tube was inserted so that it ended above the 150 mL of liquid. The holes were 
sealed with silicone aquarium sealant to ensure outflow through the overflow tube. Clean 
culture vessels were soaked in 1M HCl and rinsed extensively in 18.2 MΩ water prior to 
use.  
  
 11 
 
 
Figure 1: Chemostat apparatus for continuous culture experiments. The culture vessel is 
sealed and receives inputs of fresh Fraquil* media via a peristaltic pump as well as 
filtered, humidified air. A third tube carries the air and culture overflow to a waste bottle; 
the position of the waste tube sets the working volume of the culture. A 0.2 µm filter 
serves as a vent on the fresh media bottle.  
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Figure 2: Photograph of continuous culture experiments as described in Figure 1. The 
Black surface is a multi-position magnetic stir plate. Lights were positioned 10 cm away 
from the center of the culture vessels, and equipped with polycarbonate diffusion covers.  
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Light was supplied by two opposite pairs of horizontally oriented 20 watt, 3000 K 
fluorescent tubes 10 cm from the center of the culture bottles with PAR irradiance inside 
the culture bottle of 410 µE•m-2•s-1, measured with a Biospherical Instruments QSL-2101 
scalar PAR radiometer. The photon flux density spectrum is shown in Figure 3, measured 
by a miniature fiber-optic CCD spectrophotometer (USB2000+, Ocean Optics, Dunedin, 
FL). 
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Figure 3: Spectral photon flux density of fluorescent lights used in culturing experiments 
(mean ± 1 SD, shown by grey envelope, of measurements made on each light at each 
chemostat position). Photon flux density (µE · m-2 · s-1=µmol photons · m-2 · s-1) was 
calculated from calibrated energy flux using Planck’s relation (Kirk 1994). 
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A peristaltic pump was used to pump fresh media into the chemostat cultures. The 
pump speed and the compression of the tubing were adjusted to achieve flow rates of 50 
mL • d-1, corresponding to an exponential dilution rate of 0.33 d-1. Pumping rates were 
monitored and adjusted throughout continuous culture experiments to prevent changes 
due to tubing wear. Tubing was replaced between experiments and as necessary during 
experiments.  
Compressed air was passed through an activated carbon filter, bubbled twice 
through distilled water, filtered, and distributed to cultures at a flow rate of 8.0-8.5 
mL•min-1. In continuous culture experiment numbers 1 and 2, additional mixing was 
achieved with PTFE-coated magnetic stirbars. This tended to cause aggregation of 
biomass into clumps as well as the accumulation of white flakes of particulate matter that 
seemed to have been abraded from the stir bars. Suspension of stir bars was attempted in 
the continuous culture experiment number 3, but also resulted in biomass aggregation. In 
the continuous culture run experiment number 4, mixing by the aeration plus daily 
shaking resulted in minimal aggregation, but some settling was observed.  
Chemostat cultures were monitored using in-vivo chlorophyll a fluorescence. 
Stable in-vivo fluorescence values were the criterion for determining when cultures were 
at steady-state (Wood et al. 2005). Four mL of culture was sampled from the chemostat, 
placed in a 13 mm glass test tube, and measured directly on a Turner Designs 10-AU 
fluorometer equipped for extracted (non-acidified) chlorophyll a determination (kit 10-
040R, Turner Designs, Sunnyvale, CA). In-vivo fluorescence was normalized to a solid 
standard (10-AU-904, Turner Designs, Sunnyvale, CA) to account for changes in lamp 
intensity.  
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Biomass of steady-state cultures was determined gravimetrically. Whatman GFF 
25 mm filters were rinsed thoroughly with deionized water, and dried at 70 °C under 
vacuum (~-80 kPa). Dry filters were cooled in a desiccator and weighed on a Cahn 21 
electrobalance with microgram precision. Filters were then loaded with culture with 
gentle vacuum and again dried and weighed as above. Dry biomass was calculated by 
difference.  
Nitrogen fixation rates were estimated using the acetylene reduction technique. 
Acetylene was generated by adding ~75mg of Ca2C to a 25 mL serum vial which was 
then sealed and evacuated. Water was then siphoned from another serum vial into the 
evacuated vial, while the acetylene was allowed to enter the serum vial containing the 
water, each via a plastic tube with needles. Fifteen mL of culture was added to a 25mL 
acid-washed serum vial together with a small stir bar. The serum vial was capped with a 
butyl rubber septum and crimp-top, and 2 mL of acetylene was injected into the 
headspace. The cultures were thoroughly shaken and placed in the light used for culturing 
for 1-2 hours with magnetic stirring. The working volume of capped serum vials with 
small stir bars was 24.1 mL, so that 15 mL of culture volume was in contact with 9.1 mL 
of headspace. 
Production of ethylene was then determined with an HP 5890 Series II gas 
chromatograph equipped with a flame ionization detector, split inlet, and 0.32 mm x 5 m 
GS-GasPro capillary column (Agilent Technologies, Santa Clara, CA). The gas 
chromatography method is detailed in the appendix. Various injection volumes of 
standard gas containing 10 ppm and 100 ppm ethylene were used to calibrate peak areas. 
Peaks were manually integrated on a computer with Agilent ChemStation software. 
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Nitrogen fixation rates were determined using a Bunsen solubility coefficient for ethylene 
of 0.122 (Breitbarth et al. 2004) and assuming that 4 moles of acetylene are reduced per 
mole of N2 (Capone 1993). 
Hydroxamate siderophores were quantified using the ferric perchlorate method 
(Atkin et al. 1970). 0.1 mL of concentrated ferric perchlorate reagent containing 0.15 M 
FeCl3 and 4.2 M HClO4 was added to 2.9 mL of filtered culture. Absorption spectra of 
visible light by ferric-hydroxamate complexes were measured on a Shimadzu UV-1601 
spectrophotometer. Spectra were collected relative to air. Slight instrument drift was 
corrected by normalizing absorption at 800 nm to DI water in the 1 cm quartz sample 
cuvette. The spectrum of Fraquil* media with the ferric perchlorate reagent was 
subtracted from sample spectra, and the remaining absorption at 490 nm was determined. 
Since siderophores were not identified and no calibration standard was available, the 
absorbance at 490 nm is reported. Additionally, corresponding schizokinen 
concentrations are estimated based on the assumptions that the siderophore produced is 
schizokinen and that an extinction coefficient of 2600 M-1 cm-1 (Lammers 1982) applies 
for the conditions used.  
Pigment absorption was measured by the pQFT-TR technique (Hargreaves 2006). 
Cultures were filtered onto Whatman GFF filter pads until the filters were visibly loaded 
with biomass. The moist filter pads were placed on the flat horizontal filter holder at the 
sample port of an Avantes reflectance integrating sphere and exposed to light from one of 
two Ocean Optics xenon strobe lamps. Transmittance and reflectance were measured by a 
diode array spectrophotometer and absorption coefficients were calculated using the 
equations of Tassan and Ferrari (1995). Pigment was then extracted by slow gravity 
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filtration of three aliquots of 3 mL methanol (each aliquot was in contact for ~ 5 mins), 
followed by a final 3 mL rinse with gentle vacuum filtration. Transmittance and 
reflectance were again measured on extracted filters and this background absorbance was 
subtracted from the initial absorbance to determine pigment absorbance.  
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Results 
Maximal growth rate determination 
Batch culture experiments using the Ward’s strain of Anabaena were used to 
confirm that phosphorus and light were in sufficient supply under the experimental 
conditions used for continuous culture experiments. Growth rate stimulation by iron 
concentrations greater than 1 µM was also tested. Light was supplied by one or two 
banks of two fluorescent lights, while iron and phosphorus were supplied at 1 µM or 
2µM and 10 µM or 20 µM respectively. The experiments were replicated with and 
without nitrate at 100 µM.  
No significant stimulation of growth was observed when additional light, iron, or 
phosphorus was provided (Figure 4), implying that the observed growth rates were nearly 
maximal. The average exponential growth rate as determined by in-vivo fluorescence was 
1.2 (±0.1) d-1. While no significant light, iron, phosphorus or nitrate effects were 
identified, there were some signs of a small light effect that depended on the nitrogen 
source: slightly increased growth rates were observed when two banks of fluorescent 
lights were provided for growth on N2, which might correspond to the larger energy 
budget associated with nitrogen fixation (Levine and Lewis 1987). Because of this 
potential small effect, continuous cultures were performed with two banks of fluorescent 
lights to rule out light limitation of nitrogen fixation. Since the iron and phosphorus 
concentrations in the Fraquil* recipe of Anderson (2005) appeared to be sufficient to 
support maximal growth rates, these concentrations were used for continuous cultures (or 
reduced in the case of iron).  
  
 20 
 
Figure 4: Results of growth optimization experiment. Specific growth rates µ in batch 
cultures as determined by exponential regression of in vivo fluorescence. Shaded boxes 
were exposed to lower light levels (one bank of fluorescent lights), while unshaded boxes 
were exposed to two banks of fluorescent lights. “Low” and “High” annotation refers to 
the concentrations of Fe and P. In “Low” nutrient experiments, 1 µM Fe and 10 µM P 
were used. In “High” nutrient experiments, 2 µM Fe and 20 µM P was used. Nitrate was 
added to experiments on the right half of the Figure at 100 µM.   
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Continuous culture experiments 
In-vivo fluorescence monitoring of continuous culture experiments was used to 
characterize the approach to steady state. True chemostasis was rarely attained based on 
the in-vivo fluorescence trajectories shown in Figure 5. On the other hand, growth was 
clearly dynamic, as suggested by the separation of the trajectories for different nutrient 
treatments, long-term survival of the cultures, and persistent maximum fluorescence 
values repeatedly attained for several cultures. Occasionally, air leaks leading to episodic 
drainage may have contributed to the poor attainment of steady state, but many 
excellently functioning chemostats were also unsteady, so the major cause of this 
variability is unidentified. Cellular aggregation and settling as a consequence of the 
different stirring mechanisms is likely.  
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Figure 5: In-vivo fluorescence trajectories of continuous culture experiments. In-vivo 
fluorescence has arbitrary units. Iron concentrations shown in legend in nM. Nitrate 
concentrations shown in legend in µM.  
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Fluorescence measurements are a proxy for chlorophyll a, and can indirectly 
indicate differences in algal biomass. In-vivo fluorescence correlated loosely with 
gravimetric biomass at the termination of continuous culture experiments (Figure 6). The 
loose correlation suggests physiological changes associated with different experiments 
(nitrate and iron concentrations) as well as uncertainty in gravimetric biomass 
determination for thinner cultures. The same physiological changes (including changing 
Chl a:biomass ratios and non-photochemical quenching) may have been variable during 
continuous culture experiments and could have contributed to the poor attainment of 
steady growth as measured by fluorescence. Still, these physiological changes should 
themselves approach a steady-state because the light field, chemical environment, and 
growth rate is held constant in the properly functioning chemostat.   
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Figure 6: In-vivo fluorescence versus gravimetrically determined dry biomass measured 
at completion of continuous culture runs. Linear regression shown in blue, R2=0.608.   
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Iron limitation in chemostats 
Iron concentrations were related to higher biomass in continuous culture 
experiments (Figure 7). In all cases, cultures grown with 1000 µM total iron (the 
concentration shown to be saturating in batch culture experiments) contained greater 
biomass than all lower iron treatments in the same experiment. Often, anomalously low 
biomasses were observed for intermediate iron concentrations. This can be seen in Figure 
7 for both experiment 3 with 100 µM NO3-, and for experiment 4 with 0.5 µM NO3-. At 
200 nM of total iron, measured biomass was lower than that at 50 nM. This type of 
behavior was observed in other experiments as well, and could be related to a threshold in 
siderophore production.  
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Figure 7: Dry biomass of continuous cultures with the UTEX strain at completion as a 
function of total iron concentration. Power function regression lines are shown for each 
experiment indicated by plotting symbols, with power slopes shown on the line. The 
experiment 2, 200 nM Fe, 0.5 µM NO3- point marked with a question mark is 
questionably low in measured biomass; it falls well below the biomass expected based on 
both the biomass/nitrogen fixation and biomass/in-vivo fluorescence relationships which 
would predict a biomass intermediate between those of the 10 nM and 50 nM treatments 
for the same experiment.   
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Total culture nitrogen fixation rates increased with increasing iron concentrations, 
and generally paralleled the biomass increases, as shown for example in Figure 8. Thus, 
nitrogen fixation rates and biomass were correlated. This parallel response suggests that 
nitrogen fixation was itself iron limited. In effect, increasing iron concentrations were 
able to support greater nitrogen fixation rates, stimulating nitrogen-limited cells to divide 
and increasing the culture biomass.  
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Figure 8: Increase of biomass and nitrogen fixation rate with increasing iron 
concentration for Experiment 1 (using Ward’s strain). Power-function trend lines 
highlight the relationship between increasing biomass and increasing nitrogen fixation as 
iron increases.  
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In addition to stimulating additional biomass production, iron concentrations 
stimulated changes in pigment absorption spectra (Figure 9). At 1000 µM iron, the 
chlorophyll a blue peak rises distinctly above the large chlorophyll/carotenoid blue peak, 
and the shoulder at ~625 nm which is likely phycocyanin is clearly present, features 
which are missing from the spectra for lower iron concentrations. These changes in the 
shape of the spectrum are manifestations of chlorosis in low-iron cultures, a common 
response to nutrient limitation including iron limitation (Geider and La Roche 1994).   
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Figure 9: Pigment absorption spectra determined using the pQFT-TR technique for 
cultures at the completion of experiment 4. Chlorosis was noticeable in iron deficient 
cultures. This chlorosis appears to involve the degradation of both chlorophyll a and 
phycocyanin, as has previously been reported for iron limitation in cyanobacteria 
(Guikema and Sherman 1983). The fluorescent light spectrum is shown in grey for 
reference.   
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Effect of nitrate 
Since nitrogen fixation has a high iron requirement and is unnecessary when 
combined nitrogen is available in the solution, nitrate was predicted to suppress nitrogen 
fixation and therefore indirectly relieve some iron stress. The effect of nitrate in 
suppressing biomass-specific nitrogen fixation rates is evident in Figure 10. Biomass-
specific nitrogen fixation rates appear to be suppressed to less than ½ maximum values 
between 0.1 µM and 0.5 µM NO3-. This is about a factor of 10 lower than observed by 
Meeks et al. (1983), who reported that nitrogen fixation by Anabaena was  suppressed to 
50% at 2.3 µM NO3- in iron-replete batch cultures. This may suggest that iron stress may 
cause increased sensitivity to nitrate, but other differences between the experiments 
cannot be ruled out.  
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Figure 10: Suppression of biomass-specific nitrogen fixation rates by nitrate. Nitrogen 
fixation suppression was poorly replicated and difficult to discern, but appeared to occur 
somewhat in the region between 0.1 and 0.5 µM. The fixation rate was thoroughly 
suppressed at 100 µM.   
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Stimulation of growth and relief of iron limitation by added nitrate was observed 
in the experiments shown in Figure 7. Addition of nitrate lead to increased dry biomass as 
indicated by the vertical positions of the power function trend lines, suggesting that 
additional iron became available for use in general cell growth as iron demand associated 
with nitrogen fixation was relieved by nitrate.  
Siderophore production 
Attempts to measure siderophore concentrations may have been hindered initially 
by elevated analytical detection limits imposed by 1:6 dilution of sample in the 
perchlorate reagent during the assay. Using a concentrated ferric perchlorate stock 
solution to measure undiluted siderophores lead to the easy detection of siderophores in a 
set of ammonium-containing batch culture experiments (Figure 11). Subsequent attempts 
to measure siderophores in continuous cultures supplied with N2 or NO3- were often 
unsuccessful. One set of continuous cultures with high nitrate concentrations did contain 
measurable siderophores. Biomass-specific siderophore absorbance suggests that 
siderophore production is highest in high nitrate, low iron cultures (Figure 12). 
Siderophore production increased by a factor of about 4 going from 200 nM total iron to 
50 nM total iron, suggesting a threshold for siderophore production near 200 nM.   
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Figure 11: Hydroxamate siderophore detected in batch cultures of Anabaena sp. (UTEX 
2573) cultures containing ammonium (100 µM). (A): Absorbance spectrum of filtered 
culture media plus 0.1 mL ferric perchlorate reagent after subtracting the spectrum of 
Fraquil* media + reagent. The broad absorbance peak centered at 490 nm is characteristic 
of ferric hydroxamate siderophores including schizokinen. (B): Absorbance at 490 nm 
plotted vs. total iron concentration. Secondary axis shows the theoretical schizokinen 
concentration assuming the siderophore is actually schizokinen and that the molar 
extinction coefficient of Lammers (1982) applies.   
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Figure 12: Siderophore production normalized to biomass in continuous culture 
experiments. Theoretical schizokinen concentration per gram dry biomass is shown on 
the secondary axis, assuming the siderophore is actually schizokinen and that the molar 
extinction coefficient of Lammers (1982) applies. Cultures containing 50 nM Fe, 200 nM 
Fe, and 1000 nM Fe, plus 1 µM NO3-, as well as the culture containing 1000 nM Fe plus 
100 µM NO3- failed due to washout or infection. Siderophores were below the detection 
limit of Abs490=0.001 A.U. for the cultures containing less than 1 µM NO3-.
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Discussion 
Efforts to continuously culture freshwater cyanobacteria under iron-nitrogen 
colimitation were met with mixed success. While continuous cultures did not achieve 
perfect chemostat stability, the consistent responses of both biomass and nitrogen fixation 
rates to iron concentrations indicate that iron limitation was achieved. The effects of iron 
concentration on pigment spectra and siderophore production are further evidence that 
these cultures were iron limited. The suppression of biomass-specific nitrogen fixation 
rates and concurrent increase in biomass with increasing nitrate concentrations strongly 
suggest that the mechanism of iron limitation was limitation of nitrogen fixation (Figure 
13).  
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Figure 13: Summary of general relationships observed between biomass-specific 
siderophore production, biomass-specific nitrogen fixation rate, and biomass in 
chemostat cultures across iron (left and right panels) and nitrate concentrations (central 
panels). One nutrient is fixed at the value given above each panel. Vertical axis scaling is 
arbitrary.   
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Strong limitation of biomass by iron seemed to occur in the 10 nM-50 nM range. 
This agrees quite well with the data of Berman-Frank et al. (2007), who in iron-limited 
batch cultures of Anabaena flos-aquae (UTEX 2557) observed the greatest increase in 
growth rate between 40 nM and 100 nM of total Fe (these cultures were grown in a 
variant of the Fraquil* media used here that contained 20 µM EDTA). Interestingly, the 
same authors measured much higher carbon-specific nitrogen fixation rates (~1 mmol 
mol-1 hr-1) and found that carbon-specific nitrogen fixation rates only began to decrease 
below around 40 nM total Fe, in spite of adding 150 µM NO3- to the growth medium 
(Berman-Frank et al. 2007). Berman-Frank et al.’s higher specific nitrogen fixation rates 
agree with Bone’s (1971) measurements in phosphorus limited Anabaena chemostats. 
The lower specific rates measured here may reflect a feature of iron-limited chemostat 
growth or may be due to another difference between the experiments. Rueter (1988) 
described iron limited batch cultures of Anabaena PCC 7120 and wild Trichodesmium for 
which acetylene reduction rates were “severely underestimated”, which the author 
attributes to modifications of the assay procedure including the vial and septum choice. 
This sets an interesting precedent for apparently low acetylene reduction rates in the 
Anabaena strain used here.  
The elevated production of siderophores for iron concentrations below 200 nM 
observed in experiment number 3 (Figure 12) is consistent with the results of Kerry et al. 
(1988) who showed increased siderophore production for nitrate-supported cultures at 
total iron concentrations between 31 nM and 410 nM.  
Schizokinen, the major siderophore released by Anabaena PCC 7120, contains 4 
atoms of nitrogen per molecule and has a C:N ratio of only 4 (Goldman et al. 1983). 
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Since siderophores are often secreted to concentrations several orders of magnitude 
greater than the iron concentration, and since dilution in the continuous culture would 
tend to prevent siderophore concentrations from accumulating over time, it is easy to 
imagine that siderophore production would need to be restricted under low iron, low 
nitrogen conditions due to nitrogen limitation. Gene regulation of the schizokinen 
production and the associated outer-membrane transport system is known to be 
stimulated by iron limitation (Nicolaisen et al. 2008), but no genetic basis for suppression 
of siderophore production under nitrogen limitation has been reported.  
Anabaena has been shown previously to release much more schizokinen when 
grown with ammonium than when grown on nitrate (Lammers 1982), which may help to 
explain the low and inconsistent detection of schizokinen in ammonium-free continuous 
cultures. More complete data on the regulation of schizokinen production under iron-
nitrogen colimitation would be very useful in interpreting the results presented here. In 
one case, siderophore production appeared to be suppressed by lower nitrate conditions 
(Figure 10), but additional data is needed to confirm this observation. Since iron is 
needed to fix nitrogen but significant release (and loss) of nitrogen into solution in the 
form of schizokinen is a strategy to obtain iron under low-iron conditions, it is possible 
that nitrogen limitation prevents siderophore production, as proposed by Hutchins et al. 
(1991). If siderophores are allowed to accumulate in solution (in batch culture or bloom 
conditions for example), this system may provide a positive feedback leading to relief of 
both limitations with high schizokinen concentrations, but continuous culture rules out 
indefinite accumulation of schizokinen. Further continuous culture investigations 
combined with better siderophore detection (using other assays, concentration methods, 
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or by substituting ammonium as the nitrogen source) are a worthwhile direction for 
further research.  
This research shows clearly that Anabaena can be grown on N2 in iron-limited 
chemostat cultures. Continuous culturing techniques have only occasionally been applied 
to research in trace metal limitation and dual-nutrient limitation. While continuous 
culturing techniques are labor intensive, require specialized equipment, and can be 
difficult, they hold significant promise for research in these new directions.  
The chemostat techniques used here do not provide information about the 
important temporal component of the response of organisms to a change in the chemical 
environment. Stimulation and suppression responses of nitrogen fixation rates to 
extracellular nitrogen concentrations occur rapidly. In Anabaena sp. PCC 7120, Meeks et 
al. (1983) showed that nitrogen fixation was suppressed within 10 hours of nitrate or 
ammonium additions, but nitrogen fixation begins 20-24 hours after transfer into nitrate-
free medium, reflecting the additional time required for heterocyst formation (Kumar et 
al. 2010). 
These results illustrate that iron limitation of nitrogen fixation may be important 
in aquatic ecosystems were iron bioavailability is similar to that of ~50 nM Fe (or less) 
complexed by 13µM of EDTA in Fraquil* media. Quantification of iron bioavailability in 
natural systems remains difficult, but is becoming less so with the development of new 
techniques such as iron-dependent bio-reporters (Hassler et al. 2009). Further continuous 
culturing work on iron-nitrogen colimited cyanobacteria holds promise for identifying 
physiological responses to colimitation that could be useful in field assessment.  
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Understanding the nutrient limitation status of lakes is important for predicting 
the response of productivity and community structure to changes in nutrient inputs. If 
iron limitation of nitrogen fixation explains widespread nitrogen limitation, then these 
ecosystems may be sensitive to atmospheric nitrogen deposition and other reactive 
nitrogen inputs, as well as changes in iron concentration and speciation, responses that 
would not be predicted by the phosphorus limitation paradigm. Because nitrogen 
limitation can lead to dominance or bloom formation by unpleasant or harmful 
cyanobacteria, these ecosystem responses are of great interest for water quality 
management. Finally, this work illustrates two mechanisms by which the nutrient 
requirements of systems for the acquisition of another nutrient can lead to colimitation 
and shows that this can occur at steady state in a chemostat culture. Other similar 
colimitation relationships are possible and may be likely in freshwater, marine, and 
terrestrial environments.  
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Appendix 
Gas Chromatographic Method 
Gas chromatographic quantitation of ethylene was completed on an HP 5890 
Series II gas chromatograph (GC). The GC was equipped with a split/splitless inlet and a 
flame ionization detector (FID). Prior to work, the GC was equipped with a new 0.32 mm 
x 5 m GS-GasPro capillary column (Agilent Technologies, PN 113-4302, Santa Clara, 
CA). The inlet liner (PN 2048601), inlet liner o-ring (PN 21003-U) and injector septum 
(PN 20421) were also replaced with supplies from Sigma Aldrich (St. Louis, MO). The 
detector was disassembled and cleaned. The column was initially conditioned after 
installation by purging with helium carrier gas and raising the oven temperature to 260 
°C for 6 hours per the manufacturer’s instructions. Reconditioning was generally 
performed prior to analyses by bringing the oven temperature to 260 °C for 30-60 
minutes.  
The GC was supplied with ultra high purity helium (carrier gas and 
auxiliary/make-up gas) as well as zero air and hydrogen for the FID. Helium was 
supplied to the instrument at about 40 psi. The inlet carrier gas pressure was programmed 
to 1 psi, corresponding to 1.1 mL • min-1 flow rate through the column. Total helium flow 
was adjusted to bring the flow at the split vent to 38.5 mL • min-1 using a digital bubble 
flow meter. This corresponds to a split ratio of 35. The make up gas flow was adjusted to 
bring the total helium flow at the detector vent (column flow + make-up gas) to 20 
mL•min-1. Air was supplied to the instrument at a pressure of 40 psi, giving 
approximately 300 mL • min-1 air flow at the detector. Hydrogen was supplied at ~ 28 psi 
and adjusted to bring the helium flow at the detector vent to 30 mL•min-1. The oven was 
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isothermal at 30 °C, while the inlet and detector temperatures were 150 °C and 250 °C 
respectively.  
Peak area was calibrated with standard gasses containing 10 ppm to 100 ppm 
ethylene in air or in helium. The calibration curve generally included six points as shown 
in table A1, and were very linear with R2 values >0.999. The syringe was carefully 
vented prior to injection of standards to ensure the volume of injection corresponded to 
atmospheric pressure.  
Baseline noise was routinely quantified by collecting a 3-minute chromatogram 
without injection. The standard deviation of the baseline was compared to the height of 
the peak produced by the lowest standard (level 1). The low standard peak height was 
always greater than 10 times the standard deviation of the baseline, which indicates that 
the low standard is above the “limit of quantitation”. The area of the low standard, 
validated in this way, was then taken to be the detection limit for sample analysis.  
A sample chromatogram of a typical acetylene reduction assay showing baseline 
separation of ethylene from acetylene is shown in Figure A1.  
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Table A1: Representative ethylene peak area calibration table.  
Level Standard 
concentration 
(ppm) 
Injection Volume 
(uL) 
Amount (pmol) Area 
1 9.01 25 9.406 30.88 
2 9.01 125 47.028 222.2 
3 9.01 250 94.055 442.7 
4 100. 50 207.86 889.6 
5 100. 125 519.64 2408 
6 100. 250 1039.3 4809 
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Figure A1: Example chromatogram of a typical acetylene reduction assay experiment 
showing good baseline separation of ethylene from acetylene.  
0 15 30 45 60 75 90 105 120 135
Time (s)
−20
0
20
40
60
80
100
120
Si
gn
al 
(c
ou
nt
s)
M
et
ha
ne
 (c
on
ta
m
ina
tio
n)
Et
hy
len
e
Ac
et
yle
ne
 46 
Potential chemostat improvements 
The difficulties encountered in the present work have lead to a few lessons on 
continuously culturing Anabaena. Care should be taken to identify the best mechanism 
for maintaining a well-mixed culture suspension. Magnetic stirbars with and without 
suspenders were extremely problematic. Shaking helped eliminate aggregation but was 
too infrequent to prevent settling. Orbital shaking tables are a promising possible 
improvement. Additionally, the chemostat apparatus could be improved upon to yield 
better results. Leak-free inlets and outlets for media, air, and waste, plus a sterile 
sampling port would help maintain continuous draining and sterility to prevent infection. 
Finally, growth on ammonium might simplify the cellular iron and nitrogen budgets and 
yield more easily interpreted results.  
 
Supplementary data tables 
Table A2: In-vivo fluorescence of continuous culture experiments.
Date Innoculation Date Pump Start Time Experiment Time Fe (nM) NO3- (uM)
Standard 
Reading 1
Standard 
Reading 2
In-vivo 
fluorescence
Standard-
corrected in-
vivo 
fluorescence
9/5/13 14:20 9/5/13 14:20 9/15/13 12:00 -9.90 0 0 4.97 4.96 0.179 3.61E-02
9/5/13 14:20 9/5/13 14:20 9/15/13 12:00 -9.90 10 0 4.97 4.96 0.154 3.10E-02
9/5/13 14:20 9/5/13 14:20 9/15/13 12:00 -9.90 50 0 4.97 4.96 0.143 2.88E-02
9/5/13 14:20 9/5/13 14:20 9/15/13 12:00 -9.90 100 0 4.97 4.96 0.13 2.62E-02
9/5/13 14:20 9/5/13 14:20 9/15/13 12:00 -9.90 1000 0 4.97 4.96 0.251 5.06E-02
9/6/13 16:15 9/5/13 14:20 9/15/13 12:00 -8.82 0 0 4.85 4.91 0.136 2.79E-02
9/6/13 16:15 9/5/13 14:20 9/15/13 12:00 -8.82 10 0 4.85 4.91 0.2 4.10E-02
9/6/13 16:15 9/5/13 14:20 9/15/13 12:00 -8.82 50 0 4.85 4.91 0.139 2.85E-02
9/6/13 16:15 9/5/13 14:20 9/15/13 12:00 -8.82 100 0 4.85 4.91 0.155 3.18E-02
9/6/13 16:15 9/5/13 14:20 9/15/13 12:00 -8.82 1000 0 4.85 4.91 0.287 5.88E-02
9/7/13 14:05 9/5/13 14:20 9/15/13 12:00 -7.91 0 0 4.85 4.89 0.217 4.46E-02
9/7/13 14:05 9/5/13 14:20 9/15/13 12:00 -7.91 10 0 4.85 4.89 0.333 6.84E-02
9/7/13 14:05 9/5/13 14:20 9/15/13 12:00 -7.91 50 0 4.85 4.89 0.222 4.56E-02
9/7/13 14:05 9/5/13 14:20 9/15/13 12:00 -7.91 100 0 4.85 4.89 0.257 5.28E-02
9/7/13 14:05 9/5/13 14:20 9/15/13 12:00 -7.91 1000 0 4.85 4.89 0.545 1.12E-01
9/9/13 11:00 9/5/13 14:20 9/15/13 12:00 -6.04 0 0 4.76 4.84 0.428 8.92E-02
9/9/13 11:00 9/5/13 14:20 9/15/13 12:00 -6.04 10 0 4.76 4.84 0.737 1.54E-01
9/9/13 11:00 9/5/13 14:20 9/15/13 12:00 -6.04 50 0 4.76 4.84 0.486 1.01E-01
9/9/13 11:00 9/5/13 14:20 9/15/13 12:00 -6.04 100 0 4.76 4.84 0.365 7.60E-02
9/9/13 11:00 9/5/13 14:20 9/15/13 12:00 -6.04 1000 0 4.76 4.84 1.73 3.60E-01
9/10/13 11:15 9/5/13 14:20 9/15/13 12:00 -5.03 0 0 4.8 4.87 0.596 1.23E-01
9/10/13 11:15 9/5/13 14:20 9/15/13 12:00 -5.03 10 0 4.8 4.87 0.999 2.07E-01
9/10/13 11:15 9/5/13 14:20 9/15/13 12:00 -5.03 50 0 4.8 4.87 0.574 1.19E-01
9/10/13 11:15 9/5/13 14:20 9/15/13 12:00 -5.03 100 0 4.8 4.87 0.485 1.00E-01
9/10/13 11:15 9/5/13 14:20 9/15/13 12:00 -5.03 1000 0 4.8 4.87 2.54 5.25E-01
9/11/13 16:45 9/5/13 14:20 9/15/13 12:00 -3.80 0 0 4.79 4.82 0.757 1.58E-01
9/11/13 16:45 9/5/13 14:20 9/15/13 12:00 -3.80 10 0 4.79 4.82 1.6 3.33E-01
9/11/13 16:45 9/5/13 14:20 9/15/13 12:00 -3.80 50 0 4.79 4.82 0.893 1.86E-01
9/11/13 16:45 9/5/13 14:20 9/15/13 12:00 -3.80 100 0 4.79 4.82 0.705 1.47E-01
9/11/13 16:45 9/5/13 14:20 9/15/13 12:00 -3.80 1000 0 4.79 4.82 3.49 7.26E-01
9/12/13 14:45 9/5/13 14:20 9/15/13 12:00 -2.89 0 0 4.79 4.82 0.732 1.52E-01
9/12/13 14:45 9/5/13 14:20 9/15/13 12:00 -2.89 10 0 4.79 4.82 1.43 2.98E-01
9/12/13 14:45 9/5/13 14:20 9/15/13 12:00 -2.89 50 0 4.79 4.82 1.23 2.56E-01
9/12/13 14:45 9/5/13 14:20 9/15/13 12:00 -2.89 100 0 4.79 4.82 1.19 2.48E-01
9/12/13 14:45 9/5/13 14:20 9/15/13 12:00 -2.89 1000 0 4.79 4.82 3.28 6.83E-01
9/13/13 15:30 9/5/13 14:20 9/15/13 12:00 -1.85 0 0 4.64 4.67 0.895 1.92E-01
9/13/13 15:30 9/5/13 14:20 9/15/13 12:00 -1.85 10 0 4.64 4.67 1.3 2.79E-01
9/13/13 15:30 9/5/13 14:20 9/15/13 12:00 -1.85 50 0 4.64 4.67 1.12 2.41E-01
9/13/13 15:30 9/5/13 14:20 9/15/13 12:00 -1.85 100 0 4.64 4.67 1.38 2.96E-01
9/13/13 15:30 9/5/13 14:20 9/15/13 12:00 -1.85 1000 0 4.64 4.67 2.42 5.20E-01
9/15/13 11:00 9/5/13 14:20 9/15/13 12:00 -0.04 0 0 4.73 4.78 1.08 2.27E-01
9/15/13 11:00 9/5/13 14:20 9/15/13 12:00 -0.04 10 0 4.73 4.78 2.01 4.23E-01
9/15/13 11:00 9/5/13 14:20 9/15/13 12:00 -0.04 50 0 4.73 4.78 1.49 3.13E-01
9/15/13 11:00 9/5/13 14:20 9/15/13 12:00 -0.04 100 0 4.73 4.78 1.86 3.91E-01
9/15/13 11:00 9/5/13 14:20 9/15/13 12:00 -0.04 1000 0 4.73 4.78 3.24 6.81E-01
9/16/13 17:00 9/5/13 14:20 9/15/13 12:00 1.21 0 0 4.71 4.78 0.852 1.80E-01
9/16/13 17:00 9/5/13 14:20 9/15/13 12:00 1.21 10 0 4.71 4.78 1.69 3.56E-01
9/16/13 17:00 9/5/13 14:20 9/15/13 12:00 1.21 50 0 4.71 4.78 1.355 2.86E-01
9/16/13 17:00 9/5/13 14:20 9/15/13 12:00 1.21 100 0 4.71 4.78 2.18 4.59E-01
9/16/13 17:00 9/5/13 14:20 9/15/13 12:00 1.21 1000 0 4.71 4.78 2.74 5.77E-01
9/17/13 13:15 9/5/13 14:20 9/15/13 12:00 2.05 0 0 4.95 4.69 0.716 1.49E-01
9/17/13 13:15 9/5/13 14:20 9/15/13 12:00 2.05 10 0 4.95 4.69 1.39 2.88E-01
9/17/13 13:15 9/5/13 14:20 9/15/13 12:00 2.05 50 0 4.95 4.69 1.41 2.93E-01
9/17/13 13:15 9/5/13 14:20 9/15/13 12:00 2.05 100 0 4.95 4.69 2.09 4.34E-01
9/17/13 13:15 9/5/13 14:20 9/15/13 12:00 2.05 1000 0 4.95 4.69 2.72 5.64E-01
9/18/13 15:30 9/5/13 14:20 9/15/13 12:00 3.15 0 0 4.75 4.71 0.437 9.24E-02
9/18/13 15:30 9/5/13 14:20 9/15/13 12:00 3.15 10 0 4.75 4.71 0.671 1.42E-01
9/18/13 15:30 9/5/13 14:20 9/15/13 12:00 3.15 50 0 4.75 4.71 0.981 2.07E-01
9/18/13 15:30 9/5/13 14:20 9/15/13 12:00 3.15 100 0 4.75 4.71 1.56 3.30E-01
9/18/13 15:30 9/5/13 14:20 9/15/13 12:00 3.15 1000 0 4.75 4.71 1.86 3.93E-01
9/19/13 18:00 9/5/13 14:20 9/15/13 12:00 4.25 0 0 4.75 4.72 0.228 4.82E-02
9/19/13 18:00 9/5/13 14:20 9/15/13 12:00 4.25 10 0 4.75 4.72 0.393 8.30E-02
9/19/13 18:00 9/5/13 14:20 9/15/13 12:00 4.25 50 0 4.75 4.72 0.676 1.43E-01
9/19/13 18:00 9/5/13 14:20 9/15/13 12:00 4.25 100 0 4.75 4.72 1.13 2.39E-01
9/19/13 18:00 9/5/13 14:20 9/15/13 12:00 4.25 1000 0 4.75 4.72 1.29 2.72E-01
9/21/13 14:20 9/5/13 14:20 9/15/13 12:00 6.10 0 0 4.74 4.72 0.097 2.05E-02
9/21/13 14:20 9/5/13 14:20 9/15/13 12:00 6.10 10 0 4.74 4.72 0.338 7.15E-02
9/21/13 14:20 9/5/13 14:20 9/15/13 12:00 6.10 50 0 4.74 4.72 0.788 1.67E-01
9/21/13 14:20 9/5/13 14:20 9/15/13 12:00 6.10 100 0 4.74 4.72 1.61 3.40E-01
9/21/13 14:20 9/5/13 14:20 9/15/13 12:00 6.10 1000 0 4.74 4.72 1.98 4.19E-01
9/23/13 18:00 9/5/13 14:20 9/15/13 12:00 8.25 0 0 4.57 4.54 0.042 9.22E-03
9/23/13 18:00 9/5/13 14:20 9/15/13 12:00 8.25 10 0 4.57 4.54 0.295 6.48E-02
9/23/13 18:00 9/5/13 14:20 9/15/13 12:00 8.25 50 0 4.57 4.54 0.593 1.30E-01
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Table A2: In-vivo fluorescence of continuous culture experiments (cont.).
Date Innoculation Date Pump Start Time Experiment Time Fe (nM) NO3- (uM)
Standard 
Reading 1
Standard 
Reading 2
In-vivo 
fluorescence
Standard-
corrected in-
vivo 
fluorescence
9/23/13 18:00 9/5/13 14:20 9/15/13 12:00 8.25 100 0 4.57 4.54 1.71 3.75E-01
9/23/13 18:00 9/5/13 14:20 9/15/13 12:00 8.25 1000 0 4.57 4.54 2.68 5.88E-01
9/24/13 14:50 9/5/13 14:20 9/15/13 12:00 9.12 0 0 4.56 4.64 0.04 8.70E-03
9/24/13 14:50 9/5/13 14:20 9/15/13 12:00 9.12 10 0 4.56 4.64 0.258 5.61E-02
9/24/13 14:50 9/5/13 14:20 9/15/13 12:00 9.12 50 0 4.56 4.64 0.751 1.63E-01
9/24/13 14:50 9/5/13 14:20 9/15/13 12:00 9.12 100 0 4.56 4.64 2.06 4.48E-01
9/24/13 14:50 9/5/13 14:20 9/15/13 12:00 9.12 1000 0 4.56 4.64 3.37 7.33E-01
9/25/13 10:15 9/5/13 14:20 9/15/13 12:00 9.93 0 0 4.6 4.72 0.031 6.65E-03
9/25/13 10:15 9/5/13 14:20 9/15/13 12:00 9.93 10 0 4.6 4.72 0.215 4.61E-02
9/25/13 10:15 9/5/13 14:20 9/15/13 12:00 9.93 50 0 4.6 4.72 0.876 1.88E-01
9/25/13 10:15 9/5/13 14:20 9/15/13 12:00 9.93 100 0 4.6 4.72 2.06 4.42E-01
9/25/13 10:15 9/5/13 14:20 9/15/13 12:00 9.93 1000 0 4.6 4.72 2.66 5.71E-01
9/26/13 15:30 9/5/13 14:20 9/15/13 12:00 11.15 0 0 4.67 4.67 0.034 7.28E-03
9/26/13 15:30 9/5/13 14:20 9/15/13 12:00 11.15 10 0 4.67 4.67 0.242 5.18E-02
9/26/13 15:30 9/5/13 14:20 9/15/13 12:00 11.15 50 0 4.67 4.67 1.25 2.68E-01
9/26/13 15:30 9/5/13 14:20 9/15/13 12:00 11.15 100 0 4.67 4.67 2.73 5.85E-01
9/26/13 15:30 9/5/13 14:20 9/15/13 12:00 11.15 1000 0 4.67 4.67 2.71 5.80E-01
9/27/13 17:45 9/5/13 14:20 9/15/13 12:00 12.24 0 0 4.75 4.68 0.031 6.57E-03
9/27/13 17:45 9/5/13 14:20 9/15/13 12:00 12.24 10 0 4.75 4.68 0.242 5.13E-02
9/27/13 17:45 9/5/13 14:20 9/15/13 12:00 12.24 50 0 4.75 4.68 1.25 2.65E-01
9/27/13 17:45 9/5/13 14:20 9/15/13 12:00 12.24 100 0 4.75 4.68 2.73 5.79E-01
9/27/13 17:45 9/5/13 14:20 9/15/13 12:00 12.24 1000 0 4.75 4.68 2.71 5.75E-01
9/28/13 12:15 9/5/13 14:20 9/15/13 12:00 13.01 0 0 4.51 4.51 0.028 6.21E-03
9/28/13 12:15 9/5/13 14:20 9/15/13 12:00 13.01 10 0 4.51 4.51 0.248 5.50E-02
9/28/13 12:15 9/5/13 14:20 9/15/13 12:00 13.01 50 0 4.51 4.51 1.45 3.22E-01
9/28/13 12:15 9/5/13 14:20 9/15/13 12:00 13.01 100 0 4.51 4.51 2.85 6.32E-01
9/28/13 12:15 9/5/13 14:20 9/15/13 12:00 13.01 1000 0 4.51 4.51 3.15 6.98E-01
9/30/13 16:30 9/5/13 14:20 9/15/13 12:00 15.19 0 0 4.65 4.64 0.016 3.44E-03
9/30/13 16:30 9/5/13 14:20 9/15/13 12:00 15.19 10 0 4.65 4.64 0.366 7.88E-02
9/30/13 16:30 9/5/13 14:20 9/15/13 12:00 15.19 50 0 4.65 4.64 1.41 3.04E-01
9/30/13 16:30 9/5/13 14:20 9/15/13 12:00 15.19 100 0 4.65 4.64 3.12 6.72E-01
9/30/13 16:30 9/5/13 14:20 9/15/13 12:00 15.19 1000 0 4.65 4.64 3.54 7.62E-01
10/3/13 15:30 9/5/13 14:20 9/15/13 12:00 18.15 0 0 4.59 4.63 0.018 3.90E-03
10/3/13 15:30 9/5/13 14:20 9/15/13 12:00 18.15 10 0 4.59 4.63 0.219 4.75E-02
10/3/13 15:30 9/5/13 14:20 9/15/13 12:00 18.15 50 0 4.59 4.63 0.941 2.04E-01
10/3/13 15:30 9/5/13 14:20 9/15/13 12:00 18.15 100 0 4.59 4.63 3.48 7.55E-01
10/3/13 15:30 9/5/13 14:20 9/15/13 12:00 18.15 1000 0 4.59 4.63 4.63 1.00E+00
10/18/13 9:30 10/15/13 12:00 10/20/13 12:30 -2.13 10 0 4.55 4.5 0 0.00E+00
10/18/13 9:30 10/15/13 12:00 10/20/13 12:30 -2.13 10 1 4.55 4.5 0 0.00E+00
10/18/13 9:30 10/15/13 12:00 10/20/13 12:30 -2.13 10 10 4.55 4.5 0.07 1.55E-02
10/19/13 13:30 10/15/13 12:00 10/20/13 12:30 -0.96 10 0 4.53 4.55 0.023 5.07E-03
10/19/13 13:30 10/15/13 12:00 10/20/13 12:30 -0.96 10 1 4.53 4.55 0.017 3.74E-03
10/19/13 13:30 10/15/13 12:00 10/20/13 12:30 -0.96 10 10 4.53 4.55 0.0149 3.28E-03
10/20/13 12:30 10/15/13 12:00 10/20/13 12:30 0.00 10 0 4.54 4.59 0.042 9.20E-03
10/20/13 12:30 10/15/13 12:00 10/20/13 12:30 0.00 10 1 4.54 4.59 0.057 1.25E-02
10/20/13 12:30 10/15/13 12:00 10/20/13 12:30 0.00 10 10 4.54 4.59 0.289 6.33E-02
10/22/13 17:20 10/15/13 12:00 10/20/13 12:30 2.20 10 0 4.56 4.55 0.099 2.17E-02
10/22/13 17:20 10/15/13 12:00 10/20/13 12:30 2.20 10 1 4.56 4.55 0.243 5.33E-02
10/22/13 17:20 10/15/13 12:00 10/20/13 12:30 2.20 10 10 4.56 4.55 0.583 1.28E-01
10/23/13 16:45 10/15/13 12:00 10/20/13 12:30 3.18 10 0 4.53 4.61 0.14 3.06E-02
10/23/13 16:45 10/15/13 12:00 10/20/13 12:30 3.18 10 1 4.53 4.61 0.413 9.04E-02
10/23/13 16:45 10/15/13 12:00 10/20/13 12:30 3.18 10 10 4.53 4.61 0.599 1.31E-01
10/24/13 17:15 10/15/13 12:00 10/20/13 12:30 4.20 10 0 4.5 4.58 0.142 3.13E-02
10/24/13 17:15 10/15/13 12:00 10/20/13 12:30 4.20 10 1 4.5 4.58 0.464 1.02E-01
10/24/13 17:15 10/15/13 12:00 10/20/13 12:30 4.20 10 10 4.5 4.58 0.681 1.50E-01
10/25/13 11:45 10/15/13 12:00 10/20/13 12:30 4.97 10 0 4.62 4.56 0.239 5.21E-02
10/25/13 11:45 10/15/13 12:00 10/20/13 12:30 4.97 10 1 4.62 4.56 0.815 1.78E-01
10/25/13 11:45 10/15/13 12:00 10/20/13 12:30 4.97 10 10 4.62 4.56 0.814 1.77E-01
10/27/13 19:55 10/15/13 12:00 10/20/13 12:30 7.31 10 0 4.63 4.56 0.509 1.11E-01
10/27/13 19:55 10/15/13 12:00 10/20/13 12:30 7.31 10 1 4.63 4.56 1.3 2.83E-01
10/27/13 19:55 10/15/13 12:00 10/20/13 12:30 7.31 10 10 4.63 4.56 0.923 2.01E-01
10/28/13 17:08 10/15/13 12:00 10/20/13 12:30 8.19 10 0 4.48 4.45 0.424 9.50E-02
10/28/13 17:08 10/15/13 12:00 10/20/13 12:30 8.19 10 1 4.48 4.45 1 2.24E-01
10/28/13 17:08 10/15/13 12:00 10/20/13 12:30 8.19 10 10 4.48 4.45 0.672 1.51E-01
10/29/13 16:45 10/15/13 12:00 10/20/13 12:30 9.18 10 0 4.52 4.47 0.422 9.39E-02
10/29/13 16:45 10/15/13 12:00 10/20/13 12:30 9.18 10 1 4.52 4.47 0.932 2.07E-01
10/29/13 16:45 10/15/13 12:00 10/20/13 12:30 9.18 10 10 4.52 4.47 0.691 1.54E-01
10/31/13 10:15 10/15/13 12:00 10/20/13 12:30 10.91 10 0 4.52 4.51 0.401 8.88E-02
10/31/13 10:15 10/15/13 12:00 10/20/13 12:30 10.91 10 1 4.52 4.51 0.826 1.83E-01
10/31/13 10:15 10/15/13 12:00 10/20/13 12:30 10.91 10 10 4.52 4.51 0.715 1.58E-01
11/1/13 16:00 10/15/13 12:00 10/20/13 12:30 12.15 10 0 4.52 4.53 0.238 5.26E-02
11/1/13 16:00 10/15/13 12:00 10/20/13 12:30 12.15 10 0 4.53 4.52 0.329 7.27E-02
11/1/13 16:00 10/15/13 12:00 10/20/13 12:30 12.15 10 1 4.52 4.53 0.549 1.21E-01
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Table A2: In-vivo fluorescence of continuous culture experiments (cont.).
Date Innoculation Date Pump Start Time Experiment Time Fe (nM) NO3- (uM)
Standard 
Reading 1
Standard 
Reading 2
In-vivo 
fluorescence
Standard-
corrected in-
vivo 
fluorescence
11/1/13 16:00 10/15/13 12:00 10/20/13 12:30 12.15 10 1 4.53 4.52 0.509 1.12E-01
11/1/13 16:00 10/15/13 12:00 10/20/13 12:30 12.15 10 10 4.52 4.53 0.371 8.20E-02
11/1/13 16:00 10/15/13 12:00 10/20/13 12:30 12.15 10 10 4.53 4.52 0.409 9.04E-02
11/3/13 15:45 10/15/13 12:00 10/20/13 12:30 14.14 10 0 4.27 4.33 0.265 6.16E-02
11/3/13 15:45 10/15/13 12:00 10/20/13 12:30 14.14 10 1 4.27 4.33 0.45 1.05E-01
11/3/13 15:45 10/15/13 12:00 10/20/13 12:30 14.14 10 10 4.27 4.33 0.396 9.21E-02
11/4/13 17:10 10/15/13 12:00 10/20/13 12:30 15.19 10 0 4.34 4.37 0.19 4.36E-02
11/4/13 17:10 10/15/13 12:00 10/20/13 12:30 15.19 10 1 4.34 4.37 0.277 6.36E-02
11/4/13 17:10 10/15/13 12:00 10/20/13 12:30 15.19 10 10 4.34 4.37 0.286 6.57E-02
1/7/14 11:00 1/7/14 11:00 1/18/14 12:00 -11.04 10 1 4.45 4.48 0.026 5.82E-03
1/7/14 11:00 1/7/14 11:00 1/18/14 12:00 -11.04 10 100 4.45 4.48 0.026 5.82E-03
1/7/14 11:00 1/7/14 11:00 1/18/14 12:00 -11.04 50 1 4.45 4.48 0.026 5.82E-03
1/7/14 11:00 1/7/14 11:00 1/18/14 12:00 -11.04 50 100 4.45 4.48 0.026 5.82E-03
1/7/14 11:00 1/7/14 11:00 1/18/14 12:00 -11.04 200 1 4.45 4.48 0.026 5.82E-03
1/7/14 11:00 1/7/14 11:00 1/18/14 12:00 -11.04 200 100 4.45 4.48 0.026 5.82E-03
1/9/14 13:45 1/7/14 11:00 1/18/14 12:00 -8.93 10 1 4.43 4.49 0.092 2.06E-02
1/9/14 13:45 1/7/14 11:00 1/18/14 12:00 -8.93 10 100 4.43 4.49 0.257 5.76E-02
1/9/14 13:45 1/7/14 11:00 1/18/14 12:00 -8.93 50 1 4.43 4.49 0.093 2.09E-02
1/9/14 13:45 1/7/14 11:00 1/18/14 12:00 -8.93 50 100 4.43 4.49 0.257 5.76E-02
1/9/14 13:45 1/7/14 11:00 1/18/14 12:00 -8.93 200 1 4.43 4.49 0.08 1.79E-02
1/9/14 13:45 1/7/14 11:00 1/18/14 12:00 -8.93 200 100 4.43 4.49 0.259 5.81E-02
1/10/14 10:30 1/7/14 11:00 1/18/14 12:00 -8.06 10 1 4.41 4.48 0.112 2.52E-02
1/10/14 10:30 1/7/14 11:00 1/18/14 12:00 -8.06 10 100 4.41 4.48 0.426 9.58E-02
1/10/14 10:30 1/7/14 11:00 1/18/14 12:00 -8.06 50 1 4.41 4.48 0.109 2.45E-02
1/10/14 10:30 1/7/14 11:00 1/18/14 12:00 -8.06 50 100 4.41 4.48 0.429 9.65E-02
1/10/14 10:30 1/7/14 11:00 1/18/14 12:00 -8.06 200 1 4.41 4.48 0.119 2.68E-02
1/10/14 10:30 1/7/14 11:00 1/18/14 12:00 -8.06 200 100 4.41 4.48 0.438 9.85E-02
1/11/14 15:15 1/7/14 11:00 1/18/14 12:00 -6.86 10 1 4.49 4.47 0.123 2.75E-02
1/11/14 15:15 1/7/14 11:00 1/18/14 12:00 -6.86 10 100 4.49 4.47 0.526 1.17E-01
1/11/14 15:15 1/7/14 11:00 1/18/14 12:00 -6.86 50 1 4.49 4.47 0.122 2.72E-02
1/11/14 15:15 1/7/14 11:00 1/18/14 12:00 -6.86 50 100 4.49 4.47 0.561 1.25E-01
1/11/14 15:15 1/7/14 11:00 1/18/14 12:00 -6.86 200 1 4.49 4.47 0.192 4.29E-02
1/11/14 15:15 1/7/14 11:00 1/18/14 12:00 -6.86 200 100 4.49 4.47 0.567 1.27E-01
1/12/14 12:30 1/7/14 11:00 1/18/14 12:00 -5.98 10 1 4.35 4.36 0.044 1.01E-02
1/12/14 12:30 1/7/14 11:00 1/18/14 12:00 -5.98 10 100 4.35 4.36 0.313 7.19E-02
1/12/14 12:30 1/7/14 11:00 1/18/14 12:00 -5.98 50 100 4.35 4.36 0.296 6.80E-02
1/12/14 12:30 1/7/14 11:00 1/18/14 12:00 -5.98 200 100 4.35 4.36 0.326 7.49E-02
1/13/14 17:00 1/7/14 11:00 1/18/14 12:00 -4.79 10 1 4.53 4.48 0.077 1.71E-02
1/13/14 17:00 1/7/14 11:00 1/18/14 12:00 -4.79 10 100 4.53 4.48 0.432 9.59E-02
1/13/14 17:00 1/7/14 11:00 1/18/14 12:00 -4.79 50 100 4.53 4.48 0.437 9.70E-02
1/13/14 17:00 1/7/14 11:00 1/18/14 12:00 -4.79 200 100 4.53 4.48 0.456 1.01E-01
1/14/14 17:15 1/7/14 11:00 1/18/14 12:00 -3.78 10 1 4.38 4.48 0.102 2.30E-02
1/14/14 17:15 1/7/14 11:00 1/18/14 12:00 -3.78 10 100 4.38 4.48 0.391 8.83E-02
1/14/14 17:15 1/7/14 11:00 1/18/14 12:00 -3.78 50 100 4.38 4.48 0.422 9.53E-02
1/14/14 17:15 1/7/14 11:00 1/18/14 12:00 -3.78 200 100 4.38 4.48 0.441 9.95E-02
1/16/14 17:30 1/7/14 11:00 1/18/14 12:00 -1.77 10 1 4.44 4.42 0.141 3.18E-02
1/16/14 17:30 1/7/14 11:00 1/18/14 12:00 -1.77 10 100 4.44 4.42 0.647 1.46E-01
1/16/14 17:30 1/7/14 11:00 1/18/14 12:00 -1.77 50 100 4.44 4.42 0.524 1.18E-01
1/16/14 17:30 1/7/14 11:00 1/18/14 12:00 -1.77 200 100 4.44 4.42 0.513 1.16E-01
1/18/14 11:45 1/7/14 11:00 1/18/14 12:00 -0.01 10 1 4.47 4.51 0.202 4.50E-02
1/18/14 11:45 1/7/14 11:00 1/18/14 12:00 -0.01 10 100 4.47 4.51 0.648 1.44E-01
1/18/14 11:45 1/7/14 11:00 1/18/14 12:00 -0.01 50 100 4.47 4.51 0.525 1.17E-01
1/18/14 11:45 1/7/14 11:00 1/18/14 12:00 -0.01 200 100 4.47 4.51 0.567 1.26E-01
1/19/14 18:45 1/7/14 11:00 1/18/14 12:00 1.28 10 1 4.34 4.36 0.127 2.92E-02
1/19/14 18:45 1/7/14 11:00 1/18/14 12:00 1.28 10 100 4.34 4.36 0.504 1.16E-01
1/19/14 18:45 1/7/14 11:00 1/18/14 12:00 1.28 50 100 4.34 4.36 0.313 7.20E-02
1/19/14 18:45 1/7/14 11:00 1/18/14 12:00 1.28 200 100 4.34 4.36 0.343 7.89E-02
1/20/14 20:20 1/7/14 11:00 1/18/14 12:00 2.35 10 1 4.35 4.34 0.045 1.04E-02
1/20/14 20:20 1/7/14 11:00 1/18/14 12:00 2.35 10 100 4.35 4.34 0.61 1.40E-01
1/20/14 20:20 1/7/14 11:00 1/18/14 12:00 2.35 50 100 4.35 4.34 0.272 6.26E-02
1/20/14 20:20 1/7/14 11:00 1/18/14 12:00 2.35 200 100 4.35 4.34 0.487 1.12E-01
1/22/14 20:15 1/7/14 11:00 1/18/14 12:00 4.34 10 1 4.34 4.28 0.026 6.03E-03
1/22/14 20:15 1/7/14 11:00 1/18/14 12:00 4.34 10 100 4.34 4.28 0.639 1.48E-01
1/22/14 20:15 1/7/14 11:00 1/18/14 12:00 4.34 50 100 4.34 4.28 0.527 1.22E-01
1/22/14 20:15 1/7/14 11:00 1/18/14 12:00 4.34 200 100 4.34 4.28 0.814 1.89E-01
1/23/14 21:00 1/7/14 11:00 1/18/14 12:00 5.38 10 1 4.42 4.41 0.015 3.40E-03
1/23/14 21:00 1/7/14 11:00 1/18/14 12:00 5.38 10 100 4.42 4.41 0.441 9.99E-02
1/23/14 21:00 1/7/14 11:00 1/18/14 12:00 5.38 50 100 4.42 4.41 0.496 1.12E-01
1/23/14 21:00 1/7/14 11:00 1/18/14 12:00 5.38 200 100 4.42 4.41 1.01 2.29E-01
1/24/14 16:40 1/7/14 11:00 1/18/14 12:00 6.19 10 1 4.4 4.4 0.042 9.55E-03
1/24/14 16:40 1/7/14 11:00 1/18/14 12:00 6.19 10 100 4.4 4.4 0.49 1.11E-01
1/24/14 16:40 1/7/14 11:00 1/18/14 12:00 6.19 50 100 4.4 4.4 0.382 8.68E-02
1/24/14 16:40 1/7/14 11:00 1/18/14 12:00 6.19 200 100 4.4 4.4 1.06 2.41E-01
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Table A2: In-vivo fluorescence of continuous culture experiments (cont).
Date Innoculation Date Pump Start Time Experiment Time Fe (nM) NO3- (uM)
Standard 
Reading 1
Standard 
Reading 2
In-vivo 
fluorescence
Standard-
corrected in-
vivo 
fluorescence
1/26/14 18:45 1/7/14 11:00 1/18/14 12:00 8.28 10 1 4.48 4.45 0.003 6.72E-04
1/26/14 18:45 1/7/14 11:00 1/18/14 12:00 8.28 10 100 4.48 4.45 0.394 8.82E-02
1/26/14 18:45 1/7/14 11:00 1/18/14 12:00 8.28 50 100 4.48 4.45 0.52 1.16E-01
1/26/14 18:45 1/7/14 11:00 1/18/14 12:00 8.28 200 100 4.48 4.45 0.701 1.57E-01
1/27/14 18:45 1/7/14 11:00 1/18/14 12:00 9.28 10 1 4.34 4.33 0.05 1.15E-02
1/27/14 18:45 1/7/14 11:00 1/18/14 12:00 9.28 10 100 4.34 4.33 0.475 1.10E-01
1/27/14 18:45 1/7/14 11:00 1/18/14 12:00 9.28 50 100 4.34 4.33 0.793 1.83E-01
1/27/14 18:45 1/7/14 11:00 1/18/14 12:00 9.28 200 100 4.34 4.33 0.488 1.13E-01
1/29/14 16:45 1/7/14 11:00 1/18/14 12:00 11.20 10 1 4.46 4.42 0.04 9.01E-03
1/29/14 16:45 1/7/14 11:00 1/18/14 12:00 11.20 10 100 4.46 4.42 0.523 1.18E-01
1/29/14 16:45 1/7/14 11:00 1/18/14 12:00 11.20 50 100 4.46 4.42 0.865 1.95E-01
1/29/14 16:45 1/7/14 11:00 1/18/14 12:00 11.20 200 100 4.46 4.42 0.322 7.25E-02
1/30/14 17:30 1/7/14 11:00 1/18/14 12:00 12.23 10 1 4.42 4.45 0.024 5.41E-03
1/30/14 17:30 1/7/14 11:00 1/18/14 12:00 12.23 10 100 4.42 4.45 0.362 8.16E-02
1/30/14 17:30 1/7/14 11:00 1/18/14 12:00 12.23 50 100 4.42 4.45 0.841 1.90E-01
1/30/14 17:30 1/7/14 11:00 1/18/14 12:00 12.23 200 100 4.42 4.45 0.555 1.25E-01
1/31/14 16:45 1/7/14 11:00 1/18/14 12:00 13.20 10 1 4.38 4.37 0.029 6.63E-03
1/31/14 16:45 1/7/14 11:00 1/18/14 12:00 13.20 10 100 4.38 4.37 0.408 9.33E-02
1/31/14 16:45 1/7/14 11:00 1/18/14 12:00 13.20 50 100 4.38 4.37 0.859 1.96E-01
1/31/14 16:45 1/7/14 11:00 1/18/14 12:00 13.20 200 100 4.38 4.37 0.682 1.56E-01
2/1/14 14:30 1/7/14 11:00 1/18/14 12:00 14.10 10 1 4.33 4.38 0.047 1.08E-02
2/1/14 14:30 1/7/14 11:00 1/18/14 12:00 14.10 10 100 4.33 4.38 0.268 6.15E-02
2/1/14 14:30 1/7/14 11:00 1/18/14 12:00 14.10 50 100 4.33 4.38 0.846 1.94E-01
2/1/14 14:30 1/7/14 11:00 1/18/14 12:00 14.10 200 100 4.33 4.38 0.798 1.83E-01
2/23/14 14:00 2/14/14 12:00 2/23/14 16:00 -0.08 10 0.5 4.49 4.55 0.146 3.23E-02
2/23/14 14:00 2/14/14 12:00 2/23/14 16:00 -0.08 50 0.1 4.49 4.55 0.115 2.54E-02
2/23/14 14:00 2/14/14 12:00 2/23/14 16:00 -0.08 50 0.5 4.49 4.55 0.125 2.77E-02
2/23/14 14:00 2/14/14 12:00 2/23/14 16:00 -0.08 200 0.1 4.49 4.55 0.151 3.34E-02
2/23/14 14:00 2/14/14 12:00 2/23/14 16:00 -0.08 200 0.5 4.49 4.55 0.132 2.92E-02
2/23/14 14:00 2/14/14 12:00 2/23/14 16:00 -0.08 1000 0.1 4.49 4.55 0.131 2.90E-02
2/23/14 14:00 2/14/14 12:00 2/23/14 16:00 -0.08 1000 0.5 4.49 4.55 0.244 5.40E-02
2/24/14 13:45 2/14/14 12:00 2/23/14 16:00 0.91 10 0.5 4.52 4.49 0.175 3.88E-02
2/24/14 13:45 2/14/14 12:00 2/23/14 16:00 0.91 50 0.1 4.52 4.49 0.131 2.91E-02
2/24/14 13:45 2/14/14 12:00 2/23/14 16:00 0.91 50 0.5 4.52 4.49 0.117 2.60E-02
2/24/14 13:45 2/14/14 12:00 2/23/14 16:00 0.91 200 0.1 4.52 4.49 0.117 2.60E-02
2/24/14 13:45 2/14/14 12:00 2/23/14 16:00 0.91 200 0.5 4.52 4.49 0.119 2.64E-02
2/24/14 13:45 2/14/14 12:00 2/23/14 16:00 0.91 1000 0.1 4.52 4.49 0.131 2.91E-02
2/24/14 13:45 2/14/14 12:00 2/23/14 16:00 0.91 1000 0.5 4.52 4.49 0.257 5.70E-02
2/26/14 17:00 2/14/14 12:00 2/23/14 16:00 3.04 10 0.5 4.53 4.48 0.121 2.69E-02
2/26/14 17:00 2/14/14 12:00 2/23/14 16:00 3.04 50 0.1 4.53 4.48 0.105 2.33E-02
2/26/14 17:00 2/14/14 12:00 2/23/14 16:00 3.04 50 0.5 4.53 4.48 0.082 1.82E-02
2/26/14 17:00 2/14/14 12:00 2/23/14 16:00 3.04 200 0.1 4.53 4.48 0.102 2.26E-02
2/26/14 17:00 2/14/14 12:00 2/23/14 16:00 3.04 200 0.5 4.53 4.48 0.096 2.13E-02
2/26/14 17:00 2/14/14 12:00 2/23/14 16:00 3.04 1000 0.1 4.53 4.48 0.133 2.95E-02
2/26/14 17:00 2/14/14 12:00 2/23/14 16:00 3.04 1000 0.5 4.53 4.48 0.312 6.93E-02
2/28/14 15:45 2/14/14 12:00 2/23/14 16:00 4.99 10 0.5 4.53 4.47 0.073 1.62E-02
2/28/14 15:45 2/14/14 12:00 2/23/14 16:00 4.99 50 0.1 4.53 4.47 0.091 2.02E-02
2/28/14 15:45 2/14/14 12:00 2/23/14 16:00 4.99 50 0.5 4.53 4.47 0.06 1.33E-02
2/28/14 15:45 2/14/14 12:00 2/23/14 16:00 4.99 200 0.1 4.53 4.47 0.068 1.51E-02
2/28/14 15:45 2/14/14 12:00 2/23/14 16:00 4.99 200 0.5 4.53 4.47 0.066 1.47E-02
2/28/14 15:45 2/14/14 12:00 2/23/14 16:00 4.99 1000 0.1 4.53 4.47 0.086 1.91E-02
2/28/14 15:45 2/14/14 12:00 2/23/14 16:00 4.99 1000 0.5 4.53 4.47 0.328 7.29E-02
3/6/14 15:00 2/14/14 12:00 2/23/14 16:00 10.96 10 0.5 4.5 4.48 0.063 1.40E-02
3/6/14 15:00 2/14/14 12:00 2/23/14 16:00 10.96 50 0.1 4.5 4.48 0.123 2.74E-02
3/6/14 15:00 2/14/14 12:00 2/23/14 16:00 10.96 50 0.5 4.5 4.48 0.077 1.71E-02
3/6/14 15:00 2/14/14 12:00 2/23/14 16:00 10.96 200 0.1 4.5 4.48 0.055 1.22E-02
3/6/14 15:00 2/14/14 12:00 2/23/14 16:00 10.96 200 0.5 4.5 4.48 0.055 1.22E-02
3/6/14 15:00 2/14/14 12:00 2/23/14 16:00 10.96 1000 0.1 4.5 4.48 0.295 6.57E-02
3/6/14 15:00 2/14/14 12:00 2/23/14 16:00 10.96 1000 0.5 4.5 4.48 1.88 4.19E-01
3/7/14 13:15 2/14/14 12:00 2/23/14 16:00 11.89 10 0.5 4.47 4.49 0.056 1.25E-02
3/7/14 13:15 2/14/14 12:00 2/23/14 16:00 11.89 50 0.1 4.47 4.49 0.09 2.01E-02
3/7/14 13:15 2/14/14 12:00 2/23/14 16:00 11.89 50 0.5 4.47 4.49 0.062 1.38E-02
3/7/14 13:15 2/14/14 12:00 2/23/14 16:00 11.89 200 0.1 4.47 4.49 0.052 1.16E-02
3/7/14 13:15 2/14/14 12:00 2/23/14 16:00 11.89 200 0.5 4.47 4.49 0.046 1.03E-02
3/7/14 13:15 2/14/14 12:00 2/23/14 16:00 11.89 1000 0.1 4.47 4.49 0.324 7.23E-02
3/7/14 13:15 2/14/14 12:00 2/23/14 16:00 11.89 1000 0.5 4.47 4.49 1.96 4.38E-01
3/8/14 13:30 2/14/14 12:00 2/23/14 16:00 12.90 10 0.5 4.52 4.51 0.046 1.02E-02
3/8/14 13:30 2/14/14 12:00 2/23/14 16:00 12.90 50 0.1 4.52 4.51 0.117 2.59E-02
3/8/14 13:30 2/14/14 12:00 2/23/14 16:00 12.90 50 0.5 4.52 4.51 0.057 1.26E-02
3/8/14 13:30 2/14/14 12:00 2/23/14 16:00 12.90 200 0.1 4.52 4.51 0.043 9.52E-03
3/8/14 13:30 2/14/14 12:00 2/23/14 16:00 12.90 200 0.5 4.52 4.51 0.047 1.04E-02
3/8/14 13:30 2/14/14 12:00 2/23/14 16:00 12.90 1000 0.1 4.52 4.51 0.4 8.86E-02
3/8/14 13:30 2/14/14 12:00 2/23/14 16:00 12.90 1000 0.5 4.52 4.51 2.07 4.58E-01
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Table A2: In-vivo fluorescence of continuous culture experiments (cont.).
Date Innoculation Date Pump Start Time Experiment Time Fe (nM) NO3- (uM)
Standard 
Reading 1
Standard 
Reading 2
In-vivo 
fluorescence
Standard-
corrected in-
vivo 
fluorescence
3/9/14 11:15 2/14/14 12:00 2/23/14 16:00 13.80 10 0.5 4.48 4.54 0.04 8.87E-03
3/9/14 11:15 2/14/14 12:00 2/23/14 16:00 13.80 50 0.1 4.48 4.54 0.104 2.31E-02
3/9/14 11:15 2/14/14 12:00 2/23/14 16:00 13.80 50 0.5 4.48 4.54 0.055 1.22E-02
3/9/14 11:15 2/14/14 12:00 2/23/14 16:00 13.80 200 0.1 4.48 4.54 0.047 1.04E-02
3/9/14 11:15 2/14/14 12:00 2/23/14 16:00 13.80 200 0.5 4.48 4.54 0.051 1.13E-02
3/9/14 11:15 2/14/14 12:00 2/23/14 16:00 13.80 1000 0.1 4.48 4.54 0.507 1.12E-01
3/9/14 11:15 2/14/14 12:00 2/23/14 16:00 13.80 1000 0.5 4.48 4.54 2.25 4.99E-01
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Table A3: Biomass determination of continuous culture experiments
Continuous 
Culture 
Experiment 
Date
ARA 
Experiment 
Date Fe (nM) NO3- (uM)
Replicate 
ARA 
Experiment 
# Filter id
Unloaded 
weight (mg)
Loaded 
weight (mg)
Volume 
Filtered 
(mL)
Dry 
Biomass 
(g/L)
Biomass 
error
9/4/13 10/6/13 0 0 1 1 37.372 37.574 30 6.73E-03 1.46E-03
9/4/13 10/6/13 10 0 1 2 37.517 38.923 30 4.69E-02 1.46E-03
9/4/13 10/6/13 50 0 1 3 37.671 38.211 15 3.60E-02 1.46E-03
9/4/13 10/6/13 50 0 2 4 36.555 37.138 15 3.89E-02 1.46E-03
9/4/13 10/6/13 50 0 3 6 37.445 38.004 15 3.73E-02 1.46E-03
9/4/13 10/6/13 100 0 1 5 36.825 37.358 10 5.33E-02 1.46E-03
9/4/13 10/6/13 1000 0 1 7 36.333 36.88 5 1.09E-01 1.46E-03
10/15/13 11/4/13 10 0 1 1 37.062 37.108 15 3.07E-03 1.46E-03
10/15/13 11/4/13 10 0 2 2 37.048 37.065 15 1.13E-03 1.46E-03
10/15/13 11/4/13 10 1 1 3 37.186 37.287 15 6.73E-03 1.46E-03
10/15/13 11/4/13 10 1 2 4 36.728 36.797 15 4.60E-03 1.46E-03
10/15/13 11/4/13 10 10 1 5 37.298 37.371 15 4.87E-03 1.46E-03
1/7/14 2/1/14 10 1 1 9 38.259 38.674 50 8.30E-03 1.46E-03
1/7/14 2/1/14 10 100 1 C-1 37.654 38.227 35 1.64E-02 1.46E-03
1/7/14 2/1/14 50 100 1 C-3 38.241 38.678 15 2.91E-02 1.46E-03
1/7/14 2/1/14 200 100 1 C-2 38.416 38.843 15 2.85E-02 1.46E-03
2/14/14 3/10/14 50 0.1 1 2 38.945 39.007 30 2.07E-03 1.46E-03
2/14/14 3/10/14 200 0.1 1 3 39.295 39.415 40 3.00E-03 1.46E-03
2/14/14 3/10/14 1000 0.1 1 4 38.673 38.888 15 1.43E-02 1.46E-03
2/14/14 3/10/14 1000 0.1 2 9 38.494 38.627 10 1.33E-02 1.46E-03
2/14/14 3/10/14 1000 0.1 3 10 38.592 38.735 10 1.43E-02 1.46E-03
2/14/14 3/10/14 10 0.5 1 5 38.477 38.539 35 1.77E-03 1.46E-03
2/14/14 3/10/14 50 0.5 1 6 38.509 38.59 30 2.70E-03 1.46E-03
2/14/14 3/10/14 200 0.5 1 7 38.437 38.471 40 8.50E-04 1.46E-03
2/14/14 3/10/14 1000 0.5 1 8 38.223 38.566 5 6.86E-02 1.46E-03
9/4/13 9/19/13 0 0 1 1 36.952 36.993 15 2.73E-03 1.46E-03
9/4/13 9/19/13 10 0 1 2 37.596 37.724 15 8.53E-03 1.46E-03
9/4/13 9/19/13 50 0 1 3 37.776 38.398 15 4.15E-02 1.46E-03
9/4/13 9/19/13 100 0 1 4 37.202 38.231 15 6.86E-02 1.46E-03
9/4/13 9/19/13 100 0 2 6 37.401 37.714 5 6.26E-02 1.46E-03
9/4/13 9/19/13 100 0 3 7 37.248 37.548 5 6.00E-02 1.46E-03
9/4/13 9/19/13 1000 0 1 5 37.703 39.113 15 9.40E-02 1.46E-03
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Table A
4: A
cetylene reduction assay results for continuous culture experim
ents.
C
ontinuous 
C
ulture 
Experim
ent 
D
ate
A
R
A
 
Experim
ent 
D
ate
Fe (nM
)
N
 (uM
)
R
eplicate 
A
R
A
 
Experim
ent 
#
Injection #
Incubation 
Tim
e 
(hours)
G
C
 
Ethylene 
A
m
ount 
(m
ol)
G
C
 
A
cetylene 
A
rea
B
ackground 
Ethylene/ 
A
cetylene 
ratio
B
ackground 
Ethylene 
C
orrection
C
orrected 
G
C
 
Ethlylene 
A
m
ount 
(m
ol)
Injection 
Volum
e (L)
M
oles 
Ethylene 
Produced
Total N
 
Fixation 
R
ate (m
ol 
N
2 fixed/L 
culture/hr)
9/4/13
9/19/13
0
0
1
1
1.48
8.82E-11
1.09E+06
1.39E-17
1.52E-11
7.30E-11
2.50E-04
3.19E-09
3.59E-08
9/4/13
9/19/13
0
0
1
2
1.56
8.40E-11
1.01E+06
1.39E-17
1.41E-11
6.99E-11
2.50E-04
3.06E-09
3.28E-08
9/4/13
9/19/13
0
0
1
3
1.60
9.10E-11
1.16E+06
1.39E-17
1.61E-11
7.49E-11
2.50E-04
3.27E-09
3.42E-08
9/4/13
9/19/13
10
0
1
1
1.70
4.28E-10
1.09E+06
1.39E-17
1.52E-11
4.13E-10
2.50E-04
1.80E-08
1.77E-07
9/4/13
9/19/13
10
0
1
2
1.74
4.39E-10
1.14E+06
1.39E-17
1.58E-11
4.23E-10
2.50E-04
1.85E-08
1.77E-07
9/4/13
9/19/13
50
0
1
1
1.81
1.26E-09
9.84E+05
1.39E-17
1.37E-11
1.24E-09
2.50E-04
5.43E-08
4.99E-07
9/4/13
9/19/13
50
0
1
2
1.86
1.33E-09
1.05E+06
1.39E-17
1.46E-11
1.32E-09
2.50E-04
5.75E-08
5.16E-07
9/4/13
9/19/13
50
0
1
3
1.92
1.28E-09
9.98E+05
1.39E-17
1.39E-11
1.27E-09
2.50E-04
5.56E-08
4.83E-07
9/4/13
9/19/13
100
0
1
1
1.96
2.28E-09
9.03E+05
1.39E-17
1.25E-11
2.27E-09
2.50E-04
9.90E-08
8.44E-07
9/4/13
9/19/13
100
0
1
2
2.00
2.21E-09
8.70E+05
1.39E-17
1.21E-11
2.19E-09
2.50E-04
9.59E-08
8.01E-07
9/4/13
9/19/13
100
0
1
3
2.05
5.44E-10
2.25E+05
1.39E-17
3.13E-12
5.41E-10
1.00E-04
5.91E-08
4.81E-07
9/4/13
9/19/13
100
0
1
4
2.08
4.79E-10
1.93E+05
1.39E-17
2.68E-12
4.77E-10
1.00E-04
5.21E-08
4.17E-07
9/4/13
9/19/13
1000
0
1
1
2.18
1.77E-10
6.21E+04
1.39E-17
8.63E-13
1.76E-10
5.00E-05
3.84E-08
2.94E-07
9/4/13
9/19/13
1000
0
1
2
2.24
6.86E-10
2.25E+05
1.39E-17
3.13E-12
6.83E-10
1.00E-04
7.46E-08
5.55E-07
9/4/13
9/19/13
1000
0
1
3
2.29
7.34E-10
2.39E+05
1.39E-17
3.32E-12
7.31E-10
1.00E-04
7.99E-08
5.81E-07
9/4/13
10/6/13
0
0
1
1
1.91
4.23E-11
1.30E+06
3.69E-17
4.80E-11
-5.70E-12
2.50E-04
0.00E+00
0.00E+00
9/4/13
10/6/13
10
0
1
1
1.74
5.65E-11
2.44E+05
3.69E-17
8.99E-12
4.75E-11
5.00E-05
1.04E-08
9.94E-08
9/4/13
10/6/13
50
0
1
1
1.69
9.11E-11
8.54E+04
3.69E-17
3.15E-12
8.79E-11
2.50E-05
3.85E-08
3.79E-07
9/4/13
10/6/13
100
0
1
1
1.15
2.42E-10
2.92E+05
3.69E-17
1.08E-11
2.32E-10
7.50E-05
3.38E-08
4.89E-07
9/4/13
10/6/13
100
0
2
1
1.23
1.92E-10
1.88E+05
3.69E-17
6.94E-12
1.85E-10
7.50E-05
2.70E-08
3.65E-07
9/4/13
10/6/13
100
0
3
1
1.37
2.03E-10
1.63E+05
3.69E-17
6.00E-12
1.97E-10
5.00E-05
4.31E-08
5.23E-07
9/4/13
10/6/13
1000
0
1
1
1.41
1.24E-10
6.39E+04
3.69E-17
2.36E-12
1.21E-10
2.50E-05
5.30E-08
6.28E-07
10/15/13
11/4/13
10
0
1
1
1.75
1.85E-10
1.35E+06
1.27E-17
1.71E-11
1.68E-10
2.50E-04
7.34E-09
7.00E-08
10/15/13
11/4/13
10
0
2
1
1.80
1.81E-10
2.20E+06
1.27E-17
2.79E-11
1.53E-10
2.50E-04
6.71E-09
6.20E-08
10/15/13
11/4/13
10
0
2
2
1.86
1.89E-10
2.31E+06
1.27E-17
2.93E-11
1.59E-10
2.50E-04
6.97E-09
6.25E-08
10/15/13
11/4/13
10
1
1
1
1.42
1.43E-10
9.60E+05
1.27E-17
1.22E-11
1.31E-10
2.50E-04
5.72E-09
6.71E-08
10/15/13
11/4/13
10
1
2
1
1.50
1.59E-10
9.37E+05
1.27E-17
1.19E-11
1.47E-10
2.50E-04
6.45E-09
7.17E-08
10/15/13
11/4/13
10
10
1
1
1.25
1.12E-10
8.25E+05
1.27E-17
1.05E-11
1.01E-10
2.50E-04
4.43E-09
5.88E-08
10/15/13
11/4/13
10
10
2
1
1.57
1.40E-10
7.38E+05
1.27E-17
9.36E-12
1.31E-10
2.50E-04
5.71E-09
6.05E-08
1/7/14
2/1/14
10
1
1
1
1.31
5.83E-11
2.07E+06
8.60E-18
1.78E-11
4.05E-11
2.50E-04
1.77E-09
2.25E-08
1/7/14
2/1/14
10
1
2
1
1.24
6.31E-11
1.64E+06
8.60E-18
1.41E-11
4.91E-11
2.50E-04
2.14E-09
2.88E-08
1/7/14
2/1/14
10
100
1
1
1.24
2.71E-11
1.74E+06
8.60E-18
1.50E-11
1.21E-11
2.50E-04
5.29E-10
7.08E-09
1/7/14
2/1/14
10
100
2
1
1.29
2.99E-11
1.48E+06
8.60E-18
1.28E-11
1.72E-11
2.50E-04
7.51E-10
9.69E-09
1/7/14
2/1/14
50
100
1
1
1.25
1.36E-10
2.06E+06
8.60E-18
1.77E-11
1.18E-10
2.50E-04
5.18E-09
6.91E-08
1/7/14
2/1/14
50
100
2
1
1.47
1.28E-10
1.38E+06
8.60E-18
1.18E-11
1.16E-10
2.50E-04
5.06E-09
5.75E-08
            53
Table A
4: A
cetylene reduction assay results for continuous culture experim
ents (cont.).
C
ontinuous 
C
ulture 
Experim
ent 
D
ate
A
R
A
 
Experim
ent 
D
ate
Fe (nM
)
N
 (uM
)
R
eplicate 
A
R
A
 
Experim
ent 
#
Injection #
Incubation 
Tim
e 
(hours)
G
C
 
Ethylene 
A
m
ount 
(m
ol)
G
C
 
A
cetylene 
A
rea
B
ackground 
Ethylene/ 
A
cetylene 
ratio
B
ackground 
Ethylene 
C
orrection
C
orrected 
G
C
 
Ethlylene 
A
m
ount 
(m
ol)
Injection 
Volum
e (L)
M
oles 
Ethylene 
Produced
Total N
 
Fixation 
R
ate (m
ol 
N
2 fixed/L 
culture/hr)
1/7/14
2/1/14
200
100
1
1
1.22
8.42E-11
1.64E+06
8.60E-18
1.41E-11
7.01E-11
2.50E-04
3.06E-09
4.20E-08
1/7/14
2/1/14
200
100
2
1
1.55
9.12E-11
1.05E+06
8.60E-18
9.02E-12
8.22E-11
2.50E-04
3.59E-09
3.85E-08
2/14/14
3/10/14
10
0.1
1
1
1.21
4.69E-11
2.97E+06
1.62E-17
4.80E-11
-1.19E-12
2.50E-04
0.00E+00
0.00E+00
2/14/14
3/10/14
10
0.1
1
2
1.28
4.81E-11
3.06E+06
1.62E-17
4.96E-11
-1.47E-12
2.50E-04
0.00E+00
0.00E+00
2/14/14
3/10/14
50
0.1
1
1
1.31
9.33E-11
2.98E+06
1.62E-17
4.82E-11
4.51E-11
2.50E-04
1.97E-09
2.50E-08
2/14/14
3/10/14
50
0.1
1
2
1.36
8.59E-11
2.78E+06
1.62E-17
4.51E-11
4.08E-11
2.50E-04
1.78E-09
2.19E-08
2/14/14
3/10/14
50
0.1
2
1
1.41
1.21E-10
2.80E+06
1.62E-17
4.53E-11
7.58E-11
2.50E-04
3.31E-09
3.90E-08
2/14/14
3/10/14
50
0.1
2
2
1.46
1.15E-10
2.74E+06
1.62E-17
4.44E-11
7.11E-11
2.50E-04
3.11E-09
3.55E-08
2/14/14
3/10/14
50
0.1
3
1
1.49
9.17E-11
2.85E+06
1.62E-17
4.62E-11
4.54E-11
2.50E-04
1.99E-09
2.22E-08
2/14/14
3/10/14
50
0.1
3
2
1.54
8.87E-11
2.77E+06
1.62E-17
4.50E-11
4.37E-11
2.50E-04
1.91E-09
2.07E-08
2/14/14
3/10/14
200
0.1
1
1
1.57
6.00E-11
2.60E+06
1.62E-17
4.21E-11
1.79E-11
2.50E-04
7.84E-10
8.30E-09
2/14/14
3/10/14
200
0.1
1
2
1.62
6.14E-11
2.78E+06
1.62E-17
4.50E-11
1.64E-11
2.50E-04
7.19E-10
7.41E-09
2/14/14
3/10/14
1000
0.1
1
1
1.64
8.38E-10
2.65E+06
1.62E-17
4.29E-11
7.95E-10
2.50E-04
3.48E-08
3.54E-07
2/14/14
3/10/14
1000
0.1
1
2
1.70
7.95E-10
2.50E+06
1.62E-17
4.06E-11
7.54E-10
2.50E-04
3.30E-08
3.23E-07
2/14/14
3/10/14
10
0.5
1
1
1.78
3.77E-11
2.18E+06
1.62E-17
3.54E-11
2.31E-12
2.50E-04
1.01E-10
9.43E-10
2/14/14
3/10/14
10
0.5
1
2
1.83
3.81E-11
2.22E+06
1.62E-17
3.60E-11
2.10E-12
2.50E-04
9.18E-11
8.38E-10
2/14/14
3/10/14
50
0.5
1
1
1.85
5.00E-11
1.90E+06
1.62E-17
3.07E-11
1.93E-11
2.50E-04
8.42E-10
7.57E-09
2/14/14
3/10/14
50
0.5
1
2
1.91
4.75E-11
1.78E+06
1.62E-17
2.88E-11
1.87E-11
2.50E-04
8.17E-10
7.14E-09
2/14/14
3/10/14
200
0.5
1
1
1.95
3.32E-11
1.75E+06
1.62E-17
2.83E-11
4.92E-12
2.50E-04
2.15E-10
1.84E-09
2/14/14
3/10/14
200
0.5
1
2
2.00
3.13E-11
1.66E+06
1.62E-17
2.68E-11
4.54E-12
2.50E-04
1.98E-10
1.65E-09
2/14/14
3/10/14
1000
0.5
1
2
2.10
5.76E-10
6.45E+05
1.62E-17
1.04E-11
5.65E-10
1.00E-04
6.18E-08
4.91E-07
2/14/14
3/10/14
1000
0.5
1
3
2.14
6.04E-10
6.72E+05
1.62E-17
1.09E-11
5.93E-10
1.00E-04
6.48E-08
5.04E-07
            54
Table A
5: Siderophore determ
ination results using the ferric-perchlorate assay for continuous culture experim
ents. 
C
ulture D
ate
A
nalysis 
D
ate
Fe (nM
)
N
O
3- (uM
)
D
ry 
B
iom
ass 
(g/L)
A
bsorbance 
(at 490 nm
)
B
iom
ass-
specific 
A
bsorbance 
(A
.U
.•L/g at 
490 nm
)
B
iom
ass 
Error
B
iom
ass-
specific 
A
bsorbance 
Error
1/7/14
2/23/14
10
1
8.30E-03
1.06E-03
1.28E-01
1.46E-03
2.25E-02
1/7/14
2/23/14
10
100
1.64E-02
3.73E-03
2.28E-01
1.46E-03
2.03E-02
1/7/14
2/23/14
50
100
2.85E-02
6.40E-03
2.25E-01
1.46E-03
1.15E-02
1/7/14
2/23/14
200
100
2.91E-02
1.46E-03
5.02E-02
1.46E-03
2.51E-03
2/14/14
3/11/14
50
0.1
2.07E-03
3.20E-04
1.55E-01
1.46E-03
1.09E-01
2/14/14
3/11/14
200
0.1
3.00E-03
5.98E-04
1.99E-01
1.46E-03
9.68E-02
2/14/14
3/11/14
1000
0.1
1.40E-02
6.35E-04
4.55E-02
1.46E-03
4.74E-03
2/14/14
3/11/14
10
0.5
1.33E-02
1.11E-04
8.38E-03
1.46E-03
9.18E-04
2/14/14
3/11/14
50
0.5
1.43E-02
4.39E-04
3.07E-02
1.46E-03
3.13E-03
2/14/14
3/11/14
200
0.5
1.77E-03
-3.18E-04
-1.80E-01
1.46E-03
-1.48E-01
2/14/14
3/11/14
1000
0.5
6.86E-02
1.16E-03
1.69E-02
1.46E-03
3.60E-04
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